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In this Issue 

This issue of the HP Journal presents Ihe design of the HP PaintJet Color 

Graphics Printer. HP's first color Inkjet printer. Produced by a marriage of 

I thermal Inkjet printing technology and a custom er-focused product design, 

the PaintJet printer provides excellent color and print charactertslics for 

I personal computer users at an affordable price. 

The PaintJet printer is the second major product based on the thermal 
I inkjet technology HP has developed over the last decade. The disposable 
print cartridges, or pens, provided by this technology make possible low-cost, 
reliable, high-quality, intervention-free phnters. A third HP inkjet product, the 
DeskJet printer, will be described in the next issue of the HP Journal (October 1 988). The DeskJet 
printer produces high-quality black print for office correspondence. 

The first HP inkjet product, the Think Jet phnter, was introduced in 1984. It has 96-dot-perHnch 
resolution, comparable to 24'Wire impact printers, but it is quiet and nearly maintenance-free. 
The DeskJet phnter. introduced in 1988, provides SOO-dot-per-inch resolution on a variety of 
"plain" papers and has print characteristics approaching those of more expensive laser phnters. 
Its phnt quality far exceeds that of 24-wire printers for about the same price. 

The development of a product like the PaintJet printer incorporates contributions from many 
areas. The thermal inkjet technology was pioneered by HP Laboratories and extended by several 
HP Divisions incfuding those at San Diego, California. Oorvailis, Oregon, Vancouver, Washington, 
and Boise, Idaho. Today, most of the applied technology efforts are concentrated in the Thermal 
Inkjet Operations in San Diego, Corvallis, and Boise, and pioneering work continues at HP 
Laboratories, The San Diego Technology Center designed and manufactures the PaintJet pens 
and ink, developed many of the manufacturing technologies, codeveloped special papers, and 
worked with the San Diego Division to meet customer needs in the design. The Corvallis Inkjet 
Components Operation developed many of the fabrication techniques and manufactures the pen 
ohf ice arrays and substrates. The San Diego Division, known for its engineering plotters, developed 
the product concept. This required detailed understanding of real customer needs and priorities 
to aflow informed engineering decisions that presen/ed value and maintained cost objectives. 

Eight articles in this issue cover the design of the HP PaintJet Color Graphics Printer. The 
development of the color print cartridge is discussed in the article on page 6, and the overall 
printer design is treated in the article on page 1 6. The second-generation TIJ structure is described 
beginning on page 28. Pen manufactuhng, filling, and packaging are discussed in the articles on 
pages 32 and 41. Mechanical and electrical designs are the subjects of the articles on pages 21 
and 51 , Details of the ink, paper, and transparency film designs are presented beginning on page 45. 

In the future, we can expect more products in the tradition of the PaintJet and DeskJet printers, 
further extending the bounds of printing capabilities, quality, throughput, cost, and userfhendliness. 

Walter T Haswell. Ill 

Operations Manager 

Corvallis Inkjet Components Operation 

Allen D. Johnson 

Research and Development Manager 

San Diego Division 

Neal J. Martini 

Operations Manager 

San Diego Inkjet Technotogy Center 
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Also In this Issue 

The first light-emitting diodes {LEDs) were made of gallium arsenide phosphide. Structural 
advances, combined with zinc oxide or nitrogen doping, improved the light-generating efficiency 
significantly. More recently, further improvements have been obtained wrth the aluminum gallium 
arsenide (AlGaAs) materials system. As the paper on page 84 exp fains, one type of AIGaAs 
diode, the double heterostructure absorbing substrate type, fS more than twice as bright as previous 
LEDs, but its complicated strucfure makes it much harder to manufacture. As a resuEt of a new 
HP-developed manufacturing technology, these high-intensity red LEDs can now be produced in 
high volume, and we may soon see LEDs taking over from light bulbs in automotive tail lights, 
airport markers, and traffic signals. 

For many years, the Hewlett-Packard Representation Language, HP-RL, was the language for 
artificial intelligence research at HP Laboratories. It provided tools for the study of knowledge 
representation and reasoning techniques, and a variety of experimental expert systems were 
constructed using it. Now, there are commercially available languages that offer similar capabilities, 
and work on HP-RL has come to an end. In the paper on page 57, Steven Rosenberg presents 
a retrospective look at this research effort. 

One of the expert systems ohginally written in HP-RL is MicroScope. an expert program analysis 
system, which is described by a group of HP Laboratories researchers in the paper on page 71. 
The current MicroScope prototype analyzes and monitors programs written in Common Lisp, a 
language widely used in artificial intelligence applications, but the techniques it uses are applicable 
to any language. Today's large, complex computer programs are so difficult to understand that 
maintaining them using traditional methods is inefficient, time-consuming, and error-prone, Micro- 
Scope is an attempt to give programmers a powerful new set of tools for dealing with the problems 
of software maintenance. 

-fl. P. Dolan 

Cover 

The inset shows print carthdges for the HP PaintJet Color Graphics Phnter, The background 
scene shows a photograph that has been scanned electronically and reproduced by the PaintJet 
phnter (photo by Donald J. Palmer)- 



What's Ahead 

In the October issue, we'll continue our coverage of HP thermal Inkjet phnters with articles on 
the design of the DeskJet pnnter, a personal pnnter that produces laser-quality text on plain office 
papers. Another group of articles will delve into the HP-UX 6.0 operating system, which allows 
several discless workstations to share a central disc. We'll also have the design story of the 
optical shaft encoder used in the DeskJet printer, which is also available as a separate product. 
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Design and Development of a Color 
Thermal Inkjet Print Cartridge 

The printhead has to tolerate bubbles, nucleatlon defects, 
and localized Ink property changes. It must also have long 
print quality life and be manufacturable in high volume. 
Testing to verify reliability and manufacturability covered 
thousands of pens. 

by Jeffrey P. Baker, David A. Johnson, Vyomesh Joshi, and Stephen J. Nigro 



THE USE OF COLOR MONITORS in business and 
engineering applications of personal computers and 
engineering workstations is growing rapidly, Soft- 
ware application packages are available to create color text, 
graphics, and images on computer displays, often for the 
ultimate purpose of producing color hard-copy versions 
of the computer screens for various office and technical 
applications. 

The selection of a technolog>^ to generate a color hard 
copy hinges on the user's needs. The major customer re- 
quirements are print quality, speed, available colors, low 
cost, reliable hardware, multiple media, and excellent soft- 
ware support. Thermal Inkjet printing has several advan- 
tages compared to other technologies to meet these needs 
in a cost-effective way. This technology uses heat energy 
to vaporize a small amount of ink to expel a drop through 
an orifice* The first product implementation of this concept 
w^as the monochrome HP Thinkjet printer introduced in 
1984.^ 

The HP PaintJet Color Graphics Printer fFig. 1] uses ther- 
mal Inkjet technology to produce vivid color graphics for 
overhead transparencies and reports. Intended for personal 
computer applications, it produces text and graphics with 
180-dots-per-inch resolution and near-letter-quality (NLQ) 
text at a speed of 167 characters per second. It can produce 
a typical page of text in about 35 seconds, merge text and 
graphics (see Fig. 2), and print a full page of color graphics 
in about four minutes (Fig, 3)* 

The Paintlet printer uses two disposable print cartridges, 
which contain all of the elements necessary to produce a 
dot on the media. The black printhead has thirty nox^les 
and the color printhead has cyan, magenta, and yellow 
inks with ten nozzles per color. The printheads have built- 
in liquid ink supplies and drop propulsion systems. This 
technology works on the principle of drop on demand. 
Each nozzle can supply a drop of ink on demand from the 
printer as the printhead scans across the media. The drops 
are ejected by electrical heating of a thin-film resistor to 
vaporiises a small amount of ink. 

The PaintJet print cartridge has the following specifica- 
tions: 

■ Resolution: 180 dots per inch 

■ Drop volume: 100 picoliters 

■ Drop velocity: 12 meters per second 



■ Maximum drop rate: 3 kHz 

■ Energy per drop: 17 micro joules 
• Typical drive voltage: 11.5 volts 

■ Typical pulse width: 5 microseconds. 

Thermal Inkjet Advantages 

This technology has several key advantages in meeting 
users' needs for a color printer. 

Print Quality. Because this technology uses conventional 
photolithography and thin-film processing to fabricate the 
printhead, higher resolutions can be achieved. This con- 






Fig,!, The HP PalnljQt color-graphics printer combines co/or 

graphics with rjear-iettsr -quality text, it ts designed to serve 
as a peripherai for personat computers. 
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cept also helps tremendously in designing the color print- 
head with its multiple chamhers. Remarkable color-to-color 
alignment is achieved, resulting in high-quality color 
graphics and images. 

Reliability. Before disposable thermal Inkjet technology', 
Inkjet printing had always been plagued by nozzle clogs 
and other reliability* issues. The disposable concept made 
it possible to develop an extremely reliable system and 
move away from pumps and hoses. However* to maintain 
an acceptable cost per color hard -copy page, the disposable 
printhead must be inexpensive. It must also be producible 
in high volume, and this requires a mature and stable man- 
ufacturing process to keep yields up and fabrication costs 
down. Consequently, the process engineers have had to 
understand fully all of the details of production and perfect 
the technoiog\^ The result is a cost-effective and reliable 
printing system solution. 

Speed, The printhead architecture and fluid geometries are 
designed so the printer can operate at high speeds (167 
characters per second] while producing exceptional text 
and color graphics. 

Multiple Media. Customers want to produce the hard 
copies on both paper and overhead transparencies. Ther- 
mal Inkjet technology can print on both types of media 
with the same printhead. 

The remainder of this article deals with three aspects of 
the development of the print cartridge: first, the design of 
the drop generator portion of the cartridge, second, the 
design of the ink reservoir, and third, the testing of the 
combined system to ensure reliable operation. 

Drop Generator Design 

The architecture of the nozzle/heater region is shown in 
Fig. 4. This design is the result of trade-offs in manufactur- 
ablity and perform<ince issues. 

A design goal for the PaintJet printer was to bridge the 
gap between plotters and printers. To accomplish this, the 
product needed to havf^ eight primary colors with greater 
than a thoiisand dithered colors^ resolution greater than 
150 dots per inch, near- letter-quality text, and text speed 
greater than 150 characters per second. Early in the prinl- 
head development, the trade-offs among resohit ion ^ speed> 
rel iabi I it y . a nd dot quality were made to meet these goals. 

Drop Volume Selection 

A key decision was the selection of drop volume, since 
this influences the media and printhead designs. Print- 
heads with drop volumes above 140 p) did not refill quickly 
enough to meet the goal of 150 characters per second. A 
printhead with drop volume below 60 pi was deemed dif- 
ficult to manufacture. 

Image resolution and drop volume were traded off to 
satisfy media ink capacity [see article, page 45). A drop 
volume of 100 pi at 180 dots per inch fell within the range 
of acceptable ink volume per unit area for the media set, 
appeared to be manufacturable, and met print quality goals. 

Reliable Drop Ejection 

Spray, or misdirected ink, was a concern. A nominal 
drcjp velocity of 12 meter,'? per second results In ii drop 
with a long thin tail in flight (see Fig, 5 J. This tail breaks 



up into ver>^ smalL slow- moving drops of Lnk which some- 
times land outside of the the main spot of ink on the paper. 
We found that the spray did not degrade print qualit>'. and 
that the high-velocity mode eliminated other problems (dis- 
cussed later). Therefore, we chose the high'Velocit\^ mode. 

Consistent misplacement of dots is a cause of banding. 
During solid or shaded area fill, this b manifested as light 
stripes at the spatial frequency of the paper swath advance. 

Since Lnk drop directionality contributes to banding, it 
has to be controlled* There are two sources of directionality 
problems in an inkjet printhead. The first is manufacturing 
tolerances. If the orifice does not line up with the heater 
resistor, the drop*s flight path is not normal to the orifice 
plate. Since the manufacturing process must have toler- 
ances on nozzle-to-resistor alignment, it was important to 
minimize the sensitivity of drop directionality to align- 
ment. The key parameter affecting this sensitivity is the 
ratio of orifice diameter to heater size. The smaller this 
ratio the less sensitive directionalitys is to orifice misalign- 
ment. The PaintJet printhead has a ratio of 0.67. Fig. 6 
shows the resulting relationship between drop angle and 
misalignment. 

The second source of misdirection is the deflection of 
an ink droplet by a puddle of ink in contact with the orifice. 
A drop of ink can be deflected several degrees by the surface 
tension of the puddle acting on the drop during ejection. 
The presence of this puddle is determined by exterior noz- 
zle plate wetting characteristics, drop breakoff dynamics, 
ink meniscus refill dynamics, and frequency of operation. 
During nozzle refill (after drop ejection), the meniscus of 
the ink in the nozzle tends to overshoot its equilibrium 
position, and can spill over the Hp of the nozzle onto the 
exterior of the nozzle plale. The drop ejection mechanism 
can also contribute ink to the puddle. In low-frequency 
operation this puddle does not remain, since it contacts 
the noz5ile and has sufficient time to be drawn back into 
the nozzle by surface tension before the next drop is ejected. 
In high-frequency operation there is not enough time be- 
tween nozzle firings to allow the ink to be drawn back into 
the nozzle. It is important to maintain sufficient fluidic 
damping to keep the ink mensiscus from greatly overshoot- 
ing the equilibrium position. This minimizes the puddling. 

The largest challenge in designing the PaintJet printhead 
was making it reliable- The design must be tolerant to bub- 
bles, nucleation defects on the resistor surface, and local- 
ized ink property changes in the orifices, and must main- 
tain print quality over a long lifetime. 

The orifice region of the PaintJet printhead consists of a 
three-sided fluid barrier with a convergent orifice (see Fig* 
7J. The three-sided barrier and the convergent orifice each 
have multiple functions that enhance reliability. 

Bubbles 

Bubbles in the ink are a continuous source of problems 
to the operation of the printhead. Depending on the size 
and location, bubbles have different effects. Large static 
bubbles can cause the whole printhead to stop by interrupt- 
ing the ink path from the reservoir to the orifice, A static 
bubble next to the heater can shut down an orifice or mis* 
direcl ink drops imtil the bubbles is purged. In this case the 
bubble acts as a compliant source* absorbing energy and 



AUGUST 1Sfla HEWLerr^PACKARO JOURNAL? 



)Copr. 1949-1998 Hewlett-Packard Co. 



HEWLETT-PACKARD 



A SAMPLFi PUBIJCAllON PRENTINti riiXT AND GRAPIIIO 



D^UaOP PUeUSHINGI 

p«f uonal <xfn^TST and U^M De^^c^) I 

prpilwq four CHtn nrT-iftUrc, Tr^ra, of ifib pablicau>14 dlTlf 

nwOA^ing iFrBtefifllE i^ll^out tis^lug t« nlra 4in vntii* n^fff!' pf 

Vwir Own Prfnl ^Uwp 

3EM Dwfctep rYit»feBhw talw* fo<1 t^uii o wajwsy of 

|KHJit;e« nnd Irtq V^ fjxnnl IE fxh iric pnt^ uAUI ytKJ ic ^Cil It 
|LIBt 1|ll« WBV Y^^ '^^^ 1'^ ^^^ >^^< ^3B iinrarTr,Bttir:1 ^1^ 
*flCH> iKirt nwn any vwnS pr w;«cw or Iwrt «3itaf (jne yvUi 
^n iiiha IbMnillad latf Nqir> G£U IMrtte 

In Hlrihinn ininLl v«i ran ircamcrnjii pirinrtiCTi inlD ypui 

elbcu'iie !_..- .. _■ ' -_ 'i ■■■ "j'l M fjia* **lufc. rtfia^! 

FilE.-. I'l tirm^, mud 

iftcj I I TlFKr tuns' Utft 

KS= ' M |3SC|£, OEM 



aiA ytm' dscuneintt ycu u« |uaL «h:]l if wit iDsk llhr bn ftxd 

KkHT. !*■!-"; -ti in r-r ', - -r-t"- Yftu kBOT^ hmi^ srvWYCMf IS tft>lpq 

atwui v" ■'' , '/ ■■ ■ .■.■■.■.■Yv«^ ch4?a diyi ^tel. »i>fth QEM 
yoi) --.-■■ , ■ i ■•• "■ l-nkino Ipim w vour twwr pjvflw^ 

Total Ncfr Work FnVitoti^aetil 

. .TCm pnaoitiV •Jwnii'U Uigugl-J pnW, Wicv< *¥« pLocn 
'MW#Mr fi«lplc wcrts Bi-BfilU£hn £lmJ Dtn ytUIttt and hOCJ 
[ivrninvnlly Ink-EftHJ'im'^ngiTJI!. l^olonQcir 



^■^M '-■'in ^1^ a:\ii pi;iMir Ta-mI, Innr-ar t<iL- i.^'^i-aLilc' arO 
parri^kLpf-i ^^bsjr« ClT the If At in yUUr dCK^niiM^i, ;:r»A> SiVllV 



^■n ytiu'ie DMtly tti add iidur^ b- yaur {JDCumcist. ynu 
danH htBwlu hand^ 0vei isHOTwwvAoKSQing loczmiv'^ 

nr 1-T: ,■*-- .1 lerj "l*-,-, i'Tj£i *ndlC yiiU CUffflB 

I'T-l IP rnW (hff 




Jgijf fldo ii iccl^inglo •mv\* you 
Wednh. nciA DEM Oa^jdeip l^ublibhfi BUbni 

pi^jyrn^CHJ wiuil and wdciii GEU □cutop '^ ' 



InM^™^ t"l-- rnft */p+ 


^n^rr^mnrrl 


■: n dnti'f ^rlpilv 


Pu .■ ■...■■■■.■ 

tukv, 

EiHii.T ■ ;■■ . ■. . 

ijp ml - ■ 

«tMrr ■,.:;■., 

«ir.<hm It M - ' 
i^Mbliahat i e;>: - 




■ Ihr- 

■rUrnp 



TrrA pidLitt 
illy tef^i^tm 

EKJtHintU 



y4ut pldufft pusd em you z.a= wiln l«ie 



a^l^ D^hfUC: f^AHr^ei ll«]?pt£ 



' ' ■! tlic !op cli Uv wlndir^J ixiAtaln ]hie prt^tlinl' 



uttK LH^tuuc rimiw't^ duit^pib urduui^-u crvni vtv uvrvi 
GEM *pplir.ananD- S£M tikn from SEM [>w PIia. SE^' 
UiB Orapl-. gnd I^EM WmnCMrT. BDU IMG Ulea r'QIh {3EU Paiill 



'frfi CK cQniinikiKiBi. Yoi Dcm T nave eo mwnanzfl jibhi or ratiff h 

»fBttf1h«Tfit&i«i*»Crfv0Uf<fe)ihfl»K«rilBr WfrlSir 5«Knnr*hds 

CivBtti^ ifBjftfiG^ DnfJdop PufaUdhdi ukd QEU PaJhL Plrint*d hi an HP PakiUflt Color Sraphlca Prinlar. 

Fig. 2. /\/i example of merged text and graphics from the 
PaintJet printsf. 



inhibiting drop ejection. Even bubbles much smaller than 
the heater change ejected volume by acting as low-temper- 
ature nucleation sites if they are near the heater surface at 
the time of nucleation. 

Three-sided barriers allow static bubbles to be purged 
during primingn During operation^ the' refilling flow con- 
tinuously sweeps outgassed and small static bubbles into 
the firing chamber. Here they are ejected with the drop, 
preventing act:umulation of large static bubbles. 

A convergent orifice eliminates the gulping of air into 
the heater region. After drop ejection the meniscus is re- 
tracted deep within the orifice (see Fig, 4). With a conver- 
gent orifice the retracted meniscus is nearly spherical, 
which is the lowest-energy state and therefore the least 
likely to gulp air. The retracted meniscus of a straight-bore 
noKzle tends to pinch off and gulp in an air bubble, which 
shuts down any further drop ejection. 

Cross Tatk 

Hydraulic cross talk between adjacent nozzles can cause 
banding when multiple nozzles are firing by changing the 
volume of ink ejected from nozzles. Localized high pressure 
generated during nucleation creates a pressure gradient 
between active and inactive orifices, which causes pertur- 
bations in the mensicus position of the inactive orifice. If 
this nozzle is now fired, its drop volume will be different 
from normal. In previous thermal Inkjet devices a com- 
pliant source in the form of a slot was used to reduce cross 
talk. In the PaintJet printhead, hydraulic cross talk is mini- 
mized by increasing the impedance between no>^zles by 
means of the three-sided fluid barrier, and by placing the 
ink feedslot close to the nozzles [see Fig. 8), The feedslot 
acts as a constant-pressure source or a large capacitor to 
absorb most of the fluid backf low from the active orifices. 




Fig, 3, An example of color 

graptiics printing from the PairjfjBt 
pnnter. A fuit pBge takes about 
four minutes to print. 
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Rg. 4. Cross-sm:tionai view of ihe PaintJet printhead nozzle 
regton showing the ink path, fluid barriers, heating resfstor, 
and nozzie Shape 

As mentioned earlier, a high-velocity mode of operation 
was chosen for the PaintJet printhead. When a noxzle is 
not active, water evaporates from this region. This causes 
a local increase in dye and diethylene glycol concentration, 
which results in higher viscosity. The high-velocity drop 
mode is able to clear these viscous plugs, eliminating the 
need for capping. Low -velocity drop ejection modes do not 
have sufficient power to overcome the effect of high-viscos- 
ity ink, and the nozzie will not eject drops after several 
minutes of Inactivity. Fig. 9 is a plot of drop velocity versus 
drop number. This data is typical for a pen that hasn't 
operated for several minutes. The first drops out are low- ve- 
locity* but velocity quickly rises to normal as the viscous 
fluid is cleared. In the PaintJet printer, these slow drops 
are cleared from the no;^zle before printing begins by eject- 
ing the drops into an absorptive "spittoon" near the edge 
of thi^ paper. 

H i g h- F req u enc y pe rat ion 

From the beginning of the PaintJet printer project it was 
obvious that tbe maximum carriage speed of the product 
would be determined by the maximum drop rate of the print- 
head- One of the main limitations to the speed of printing 



Fig, 5. Photograph of drop ejection. The length of the taif 
depends on the ejection vetQciiy. 

is the frequency of operation of individual nozzles. The 
faster individual nozzles can eject drops, the faster the 
printer can print. 

Nozzle speed limitations can be thermal (heat buildup 
in the printhead) or flu i die (how fast a nozzle will refill). 
After initial experimentation, it appeared that the problem 
of nozzle refill dominated, and that the maximum fre- 
quency of operation of a PaintJet printhead would be about 
3000 drops per second per nozzle. 

After a drop is ejected from a nozzle, it is possible to 
eject another drop as soon as ink again covers the resistor 
However^ tbe second drop may be much smaller and mis- 
directed. Since all drops should look the same, this is un- 
acceptable. It was decided that a second drop should not 
be ejected ontil I he ink meniscus is near the rest position* 
The refill dynamics behave like a nonlinear damped sec- 
ond-order system, so the meniscus position goes through 
a series of overshoots and undershoots (see Fig. 10), It is 
not practical to try to ejeci exactly when the meniscus 
crosses the rest poslliont so we wait until the meniscus is 
sufficiently damped, so meniscus position variation pro- 
duces only small variations in drop volume. This is any 
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Ormc« Plate 




Silicon Substrate 



Barrier 



Rg. 7. Cutaway view of the PaintJet printhead orifice region, 
showing the three-sideO. ftut^ barher^ 

time after the second crossing. 

As ink is used up in the reservior^ the negative pressure 
(suction] increases. This causes the nozzJe to refill more 
slowly and moves the meniscus rest position slighly deeper 
into the nozzle. Fig. 11 shows the effect of negative pressure 
on the peak time, or time to the highest point of the first 
overshoot. The nominal drop volume decreases slightly as 
a result of the change in meniscus rest position. 

Many factors affect the shape of the refill curve. The two 
major factors, ink properties and nozzle geometries, were 
also subject to severe manufacturing and performance con- 
straints, leaving little room for refining the design to in- 
crease frequency response. Because of this, the refill charac- 
teristics were tracked during development to ensure that 
changes to the pen design for other reasons did not result 
in slow refill. 

As the design progressed and manufacturing issues 
caused larger than expected fluid drag terms, the refill 



Barriers 




slowed enough to cause the drop ejection to be on top of 
the first overshoot in some situations. To compensate for 
this, it was decided to increase the barrier height, w^hich 
decreases the fluid drag in the channel, resulting in faster 
refill. 

Reservoir Design 

The primary requirement of the reservoir system is to 
deliver ink to the thermal Inkjet printhead at the optimal 
head operating pressure. This pressure is below atmos- 
pheric pressure to prevent leaking from the nozzles. The 
drop generator [heater, barrier, and nozzle) is designed to 
eject the correct volume of ink to match the dot resolution 
and the media (paper or transparency) in use. This iocal 
geometry and the ink surface tension determine the pulling 
force of the drop generator refilling process. If the reservoir 
resisting force is too large, the drop generator will refill 
too slowly and will not be ready to eject the next drop. 
Therefore, the design of the reservoir system dictates that 
the ink should be contained to prevent free flow but not 
slow^ down the drop generator refill process drastically. 

In addition to the ink delivery pressure, there are numer- 
ous other design goals for the reservoir system. These in- 
clude some musts— items that cannot be compromised — 
and wants — items that can be considered trade-offs for 
yield and cost considerations. Among the must items are 
that materials be compatible and that the reservoir be inex- 
pensive, robust, clean, manufacturable, and able to supply 
bubble-free ink to the printhead under all operating condi- 
tions. Desirable but negotiable goals for the reservoir system 
include that it be lightweight, space efficient, and usable 
in a three-color pen. 

Initial Pen Prototypes 

Basically , th ree different methods were examined : a grav- 
ity system, mechanical pressure regulation^ and capillary 
ink contamment. 

The gravity approach, which stores the ink below the 
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Fig. a. Disgram showmg three nozzles, the ink feeds/or. and 
the tiufd barriers. Hydraulic cross talk consists of ink flow 
back down the barners to the feedslot and to netghbormg 
nozzles. 



Fig. 0. Startup plot for a pen that has been inactive for severai 
minutes. Drop velocity increases as high-viscosity ink is 
purged from the nozzle. In the PaintJet printer, these slow 
drops are purged before printing begins. 
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nozzle position and '*haiigs" the ink from the orifice, is 
difficult to implement. The mechanical pressure regulator, 
a collapsible bladder like the Thinkjet printer's, contained 
too liltit; ink (sc^jling up this design was risky)- Also, if two 
or three of these bladders were placed inside a single small 
pen to make a multicolor pen, it would be difficult to avoid 
interaction between the bladders. 

Most of the liquid -ink pens on the market today use a 
capillary ink containment system. Fiher-tipped and roller- 
ball pens hold the ink supply within a capillary matrix or 
lube» The reason for this is simpler fibers are cheap and 
capillary forces are reliable and naturally balanced. The 
reservoir can have any shape desired: only a continuous 
path is needed between the supply and the pen tip. If the 
body of a capillary pen breaks » the ink remains contained 
within the matrix and wil! not run out freely. 

Capillary Reservoir Thermal Inkjet Pens 

Our first try at using a capilhiry reservoir on I hernial 
Inkjet pens employed standard fell pen fillers. The pen nib 
has very small ink channels and therefore a strong ink 
pulling force. To oppose this force and to provide design 
margin against leakage, the reservoir of the felt- lipped pen 
has a capillary pressure of approximately two feet of water* 
That is. the bundle of fibers can pull water up two feet 
above its surface by capillary force. The corrt^s ponding 
pressure created by the menLscus at the orifice in our ther- 
mal Inkjet head is approximately 9 inches of water. The 
felt pen type reservoir was fust too powerful and emptied 
the drop generator region as soon as it was installed. 

Glass beads can provide a capillary force hetrause of the 
interstitial space between the spheres. The advantage of 
beads is that tfiey come in a variety of sizes, so the force 
can be adjusted accurately and easily. Inkjet pens made 
with a glass bead reservoir worked well and showed that 



a capillary system could be used for thermal ink jet technol- 
ogy. They did not, however, meet all of the design goals. 
Weight, volumetric inefficiency, and material concerns 
convinced us that further exploration was desired. 

Thicker fibers would reduce the capillary force, but they 
are nonstandard and therefore expensive, and their effi- 
ciency is marginal (around 40%). Other methods were 
explored such as rolled- up plastic film or long plastic tub- 
ing, but none met all of the requirements. The thin textile 
fibers would be a perfect design if a method could be found 
to mamtain a e-fiber-diameter spacing between the strands 
to give a proper capillary pressure with high volumetric 
efficiency. Microphotographs showed that open-celled 
polyurethane foam looked like the solution that we had 
been searching for (see Fi^. 12). 

Ether-Type Polyurethane Foam 

t^olyuii^rlhant^ resin is inade usijig two different base 
molecules: ester and ether. The ester has the advantage of 
better process control during foaming, but is not very stable 
in a water-based-ink environuient. Ether-based polyurethane 
is more resistant to hydrolysis but does not have the process 
control The ether foam is made only one way— approxi- 
mately 70 PPl (pores per inch). This pore count is too low 
for the thermal Inkjet pen reservoir, so the foam is crushed 
under heat [felting] to compress the matrix. This technique 
can give us any capillary hjrce required. It also allows 
testing of head operation at various back pressures. 

When the foam is "blown," the air spaces are created by 
large quantities of gas generated during setting or resin 
cure. After the foam is cooled aiid finished, many oi these 
gas bubbles still exist inside the matrix. Thin walls of 
polyurethane between the fibers still contain the foaming 
process gas. This would cause no concern extiept that the 
Inkjet pen requires ink mobility, or the ability of the ink 
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Capillary Forces in a Foam Matrix 



Capillary force is cfassicaily demonstrated by placing a thin 
gEass tube into a pond of water and observing the water ievef 
rise inside the tube This phenomenon occurs because the water 
molecules are attracted lo the glass lube wall nnore than they 
are attracted to other water molecules As the water wets the 
glass and spreads up the wall, ^t pulls the fluid up, The height 
reached by ihe column is related to the surface tension of the 
fluid (a measure of the water molecule's attraction lo itself), the 
wetting angle on the tube wall {a measure of ihe attraciion of the 
water to the glass), and the diameter of the tube (pulling circum- 
ference), and is inversely related to fluid weight (load) Modeling 
the capillary pressure is simple for a round tube but becomes 
difticuli when using beads, fibers, or foam 

To model the more complex capillary reservoirs, a tew partiaJty 
scientific assumptjons can be made about the energy require- 
ments for raising the fluid If a capillary reservoir is injected with 
a fluid, there is a relationship between [he additional reservoir 
surface wetted and the volume of ink iniected. In other words, 
the energy required to raise ihe fluid is balanced by the energy 
avai lab le fro m wett i ng the s u rf a ce For com piex capi 1 1 a ry system s 
with small features, that is. 



Characteristic distance < V a/pQ , 

where a- is the surface tension of the fluid jn air, p is the density 
of the liquid, and g is the acceleration of gravity, the effective 

capillary pressure can be estimated by: 



incrementat wetted surface 
"^"^ Fluid volume requi red to wet this surface 

where d is the equilibrium wetting angle. 



cos^ 



To estimate the capiflary pressure of the foam matrix, the den- 
sity of the basic resin is determir^d, and by measuring the density 
of the foam, the void ratio is calculated. Using ihe approximate 
pore size of the foam (inverse of the pores- per-inch count), the 
capillary pressure is estimated by: 



V(l2 7r(1 -Void ratio) 
""^^ Pore size X Void ratio 

This model assumes that the number of fibers wetted is large 

and Ihe angle at which they meet the fluid is constant as the 
fluid level changes Also, wilhin the foam matrix, ^he pressure is 
governed locally by the smallesl feature because of the equali- 
zation flow from a larger feature to a smalier feature higher in 
the matrix. That is, if a small empty capillary cell is above {higher 
than) a full larger cell, the fluid may wick into the smaller higher 
position. 

The amount of ink delivery required governs the size of the 
reservoir system. For all orientations of the pen, the reservoir has 
to hold the ink up, not allowing leakage or vent coverage If the 
operation of the head requires a very narrow range cf supply 
pressure, the si^e of the reservoir must be kept small and the 
relative sizes of the capillary cells kept constant throughout the 
matrix , \i not. the delivery pressure will vary considerabfy over 
the life of the pen as the fluid level changes. 

When ihe reservoir material has been selected, the total volume 
of available ink can be calculated by mulliplying the difference 
between the total volume and the capillary material volume by 
the efficiency of the system. The efficiency is determined by the 
amount of fluid left behind on the capillary surfaces, A reservoir 
with many microfeatures will retain a greater amount of ink than 
a system with smooth capiliary surfaces. 



to travel easily from one portion of the reservoir to another 
(from the middle of the reservoir to the filter area). There- 
fore, these w^alls of poiyurethane resin must be removed, 
leaving the fibers behind. This process, called reticulation, 
consists of filling the focim wifh hydrogen and liurningout 
the walls from one end of the loaf to the other. This works 
well except that a great quaEtity of residue consisting of 
wall portions and burnt resin is left behind. This requires 
the foam to he cleaned, a difficult process because the 
contamination is inside the matrix and cannot he flushed 
out quickly. 

Preparation of the Foam Reservoir 

Freon '*" is used as a solvent to remove contaminants from 
the foam cubes. The Freon is regenerated in a distillation 
column that is part of the cleaning tooK thus providing a 
closed system with minimal soh^ent loss. This system pro- 
vides a safe and healthful work area, minimal environmen- 
tal emissions^ and low^ solvent replacement costs. 

Two tests are used to determine the cleanliness of the 
foam. One test involves extracting the residue remaining 
in the clean foam and expressing this as a weight percentage 
of nonvolatile residue. This verifies that the cleaning was 
effective and that the majority of the contaminants have 
been removed. It also provides a sample for chemical 



analysis if more information on the specific nature of the 
contaminants is desired. The second test involves exposing 
the clean foam to ink vehicle (ink without dye) and measur- 
ing the decrease in the surface tension of the ink vehicle. 
This test indirectly monitors the concentration of any sur- 
factant-type contaminants that could lower the surface ten- 
sion of the ink in the pen* Low^ered surface tension can 
cause the ink to leak out of the pen or affect print quality. 

Testing Program 

The key to the success of the PaintJet printhead is 
thorough testing of the design to ensure supreme print 
quality and reiiability. Major emphasis was placed on de- 
veloping a test strategy to address these issues. The product 
specifications derived from user needs and a use model 
were the starting points for defining reaHstic and concrete 
goals for reliability and print quality. At each phase of the 
development, test plans were generated to characterize the 
technology to determine how^ well the goals were achieved 
in terms of confidence levels (50% confidence at laboratory^ 
phase and 90% confidence at introduction). This goal set- 
ting process allowed us to look at the development cycle 
with customers in mind. 
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Print Quality Testing 

Print quality is a very subjective but extremely important 
speciifi cation for printers. Print quality is influenced by 
inks, median printing mechanism, and customers. A process 
was developed to set the design specifications and toler- 
ances for dot size, dot location , color range, and other atUi- 
butes that determine print quality so that inks, media, and 
a printing mechanism could be developed to meet user 
needs for their applications. 

There were two major efforts for print quality evaluation 
during the design phase, one in enginfiering and one in 
marketing. The marketing group identified the key market 
segments, applications, and competition for the PaintJet 
printer. The engineering group developed a list of approx- 
imately thirty measurable print quality attributes and a set 
of diagnostic print samples to simuiafe errors (see box, 
page 14). The two groups also collected application specific 
print samples that represent actual customer needs. Ttie 
printing technology was characterized to understand and 
determine the bounds for the critical attributes and a print 
quality survey was designed to derive design centers. 

Samples were collected for three major application seg- 
ments: word processing, merged text and graphics, and 
presentations. The word processing sample was generated 
in black only to evaluate text quality, while merged text 
and graphics and presentation samples were printed in full 
color F'or each sample some specific print quality attribute 
was tested io determine the design center and associated 
tolerances on the l>asis of the acceptability of the print 
quality for that application. The survey also included sam- 
ples generated on other similar products on the market. 

Reliability Testing 

The disposable print head concept makes Inkjet printing 



Rg, 11, Effect of negative head 

on refili ttrne. 

capable of high reliability. The PaintJet printer reliability 
testing program has been a major effort to ensure that its 
performance satisfies both business and engineering cus- 
tomers. The marketing group worked with the engineering 
team to set realistic and concrete reliability goals based on 
user needs and the use model. The printer will be used in 
an office environment (15 to 32,5°C and 20 to 80% relative 
humidity) and will have to perform with minimal customer 
attendance. The print cartridge can be shipped anywhere 
in the world without any shipping or storage restrictions 




Fig. 12. UnrBticuated foam. 
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Print Quality and Pen Development 



Print quality characterization played a crucial role m the de- 
velopment of the HP PaintJet printer. This effort began with at- 
tempts to understand pnnt quality. A vision system was assem- 
bled to characterize spot Size and shape on paper and study 
media/ink interactions, This too! was vital to early understanding 
of drop characteristics and media characterization 

Later machine vision tools looked at plotter errors {paper ad- 
vance errors, servo errors, carriage alignment errors) and pen 
errors (dot size, dot placement, and satellites), as shown in Fig 
1. Although the systems were ultimately too slow tor assembly 
line inspection, they were used to charactenze pen and plotter 
print quality performance. 

From the data gained from these and other instuments. we 
created a customer survey to establish customer sensitivity to 
error types. Using selected pens and a special PaintJet printer 
With programmable dot ptacement, a number of error simulations 
were produced, showjng banding, spot size variations, pen-io- 
pen alignment variations, satellites, and other errors. The results 
of the survey were vital in establishing pen and product perfor- 
mance specifications The customer survey established a print 
quality inspection cnterron for the pen production line, where 
performance is judged on pen functionality, consistent area fill. 
and stable line weight 

Third-Party Testing 

Because of the resk and uncertainty inherent in the development 
of a new technology, a vigorous strategy of third- party testing of 
the pen and product design began nearly three years before 
product introduction, and continues today. The goal is to identify 
and obsen/e operational problems and print quality changes that 
may occur for a typical customer under specified environmental 
extremes. 

PaintJet printers are subjected to continuous testing in various 
environmental conditions. The tests identify paper dust, user in- 
terface effectiveness (priming, wiping, pen insertion success 
rate, deprimes during operation, start-up depnmes, interconnect 
reliability), print quality degradation, materials integrity, and 
MPBF (mean pages between failures). Besides normal print qual- 
ity testing, some pens go through storage and shipping tests to 
make sure that the pens can survive such conditions. 

Because failure mode is very often dependent on user mode, 
marketing feedback is used to make sure that the testing repre- 
sents what a typical customer may encounter when using the 
printer and printhead, Each failure that occurs is analysed to 
identify the cause, The results of the testing are translated into 
MPBF so that the relative severity of each problem can be assessed . 
The engineers who own each problem investigate the fundamental 
cause oi failure and propose possible solutions Very often, a 
failure is caused by interaction of the printer and printhead, re- 
quinng changes to both systems. 

2500 pens have been tested. As a result, five months after 
product introduciton. there have been no returns from customers 
because of pen failure. 

Third -party testing is now used for qualifying any changes in 
processes to improve pen performance. The strategy will con- 
tinue on to the next -gen oration ink] el prinrhead development. 



Machine- Readable Diagnostic Plot 
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Fig. 1. Quantitative print qualtty measurements used in de- 

vetoprnent and productfon of the HP PaintJet printer. 

Audit Testing 

Audit testing consists of a series of standardized tests to verify 
the pen performance on a daily basis The tests are used both 

to guarantee the quality of pens produced and to qualify design 
and process changes. Most of the tests and equipment were 
developed Jn the early l^&D phase to verify prfnthead design 
and performance. Later, the tests and equipment became quality 
assurance monitors for printhead manufacturing. 

Some of these tests are: drop velocity, drop volume, operating 
energy, print test, life test, altitude test, and simulated storage 
test. Each test has a documented operating procedure and ex- 
pected results These procedures form a library, which is refer- 
enced by the daily audit test plan 

With the audit tests written in this modular form, the daily testing 
can be adapted to check more ngorousiy for suspect failure 
modes after various tooling changes. The test library aiso allows 
engineers working on process or design changes to use standard 
tests and compare Ihetr results against historicai results. 

Dan Beamer 
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May Fong Ho 

Don Bergstedt 

Development Engineers 

San Diego Division 
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and should have at least two years she if life. The print 
cartridge should print a minimum of a million characters. 

These requirements drove the reUability goals for three 
major testing categories: shipping and storage t shelf life» 
and system operational testing. 

Shipping and Storage, The goal here was to be able to ship 
the printhead anywhere in the world without any restric- 
tions. When customers receive these printheads. they are 
assured of 99% reliability^ %vith 90% confidence that the 
printer will operate after the activation process (priming 
and wiping). At each development phase the reliability 
was tested against the goal by simulating shipping and 
storage conditions for temperature (high and low), shocks 
vibration, and altitude. 

Shelf Life. The 30-month shelf life specification is based 
on the use model and the deliverable inlc volume for the 
printhead. Requirements are that the materials used for the 
printhead (ink, foam, orifice plate, filter, pen body, etc.) 
be compatible and that no major corrosion or performance 
problems surface during that time. Printhead s are stored 
at 65°C for seven weeks and then tested for proper system 
operation. During develop mentt other printheads were 
stored and periodically tested to confirm the validity of 
the accelerated tests. 

System Operational Testing 

Three major categories of system failures can be ob- 
served. A soft failure h a failure that fixes by itself during 
printing. A nozzle that is turned off for some reason and 
comes back on after some time is an example of this kind 
of failure. A print cartridge can print 600 pages, with a 
typical page having 1500 characters on it. Our goal for soft 
failures was for mean pages between failures (MPBF) to 
exceed 600 pages* 

Medium failures are failures that need customer inter- 
vention by priming and wiping the printhead. Our goal for 
medium failures was also set at an MPBF of 600 pages. 
Depriming, nozzle clogs, and the like are generally medium 
failures. 

Hard failures are failures that require printhead replace- 
ment. Resistor failure, out of ink. and the like are examples 
of hard failure. Two goals were set for hard failures. First, 
one million characters can be printed before running out 
of ink. Second, there should be 99% probability with 90% 



confidence that the printhead will run out of ink before 
any other hard failure will occur. 

To meet the goal of 99% reliabilitv^ unth 90% confidence, 
thousands of pens had to be made, and in fact, a year before 
introduction, we were building thousands of pens per 
month for the engineers to characterize designs through 
the necessary testing. This mnlti thousand- pen production 
line also gave the process engineers and manufacturing 
engineers ample opportunity to improve and iterate process 
designs in parallel with part design to achieve the reliability^ 
goals. 

All of this led to a very stable, reliable product with a 
very smooth startup. In fact, at introduction, the PaintJet 
pen production line was in its third generation. As a result 
of the initial investment in manufacturability, the black 
and color pens are built on entirely the same tools on the 
same production line and all assembly consists of single- 
axis motions. 

It is unfortunate that, since most of the processes that 
%vere developed are considered proprietary, only a cursory 
discussion of those processes is possible in this publica- 
tion. 
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Development of a Color Graphics Printer 

Full -color graphics, reliability, and software support 
received high priorities In the development of the HP 
PaintJet Color Graphics Printer. 

by James C. Smith, David C, Tribolet, Hatem E. Mostafa, and Emit Maghaician 



AT THE BEGINNING of the HP PaintJet printer pro- 
ject, an assessment was made of our technological 
capability, our customers* needs, and what our com- 
petitors were doing. At that time, the HP San Diego Divi- 
sion's product line and expertise revolved around vector 
pen plotters. Vector plotters, in general, produce superior- 
quality line graphics, so they are ideal for high-quality line 
charts ^ pie charts, bar charts, text charls. and presentation 
graphics. On the other hand, vector plotters are less than 
ideal for text and images. Plot time is roughly proportional 
to the number of vectors, so plots containing a large number 
of vectors taJce a long time to produce. 

Raster printers are more versatile than vector machines. 
They are able to produce text, images^ and graphics. The 
perceived quality of raster output is very much dependent 
on the resolution (Fig. 1], Output time with raster devices 
increases with resolution simply because more dots are 
placed on the writing media at higher resolutions, Also, 
cost generally escalates with increasing resolution. So 
balancing quality, throughput, and cost by selecting a res- 
olution becomes a key engineering trade-off in the design 
of a raster product. 

In looking at our customers' needs, it didn't take us long 
to realize that the main output requirement was for iexL 
Everyone had a printer. Most people didn't want both a 
printer and a plotter, so they would often make do with 
just a printer. We saw^ customers creating graphics using 
the period of their daisy-wheel printer. It was obvious to 
us that we had to add printing to our graphics because our 
competitors w^ould certainl y add graphics to their pri nters. 

So we contemplated the ideal output device for our cus- 
tomers. It should be versatile. Our customers have a broad 



range of output requirements such ns reports, memos, 
graphics, images, and presentations. It should be quiet, a 
clear advantage in an office environment. Color is increas- 
ingly important because of color monitors, new applica- 
tions software, growing use of color copiers, and color scan- 
ners. So color capability was a must. The quality should 
be high and the cost should not be significantly more than 
a monochrome printer. In addition, the throughput should 
be high. 

Raster technology was clearly the best fit for a versatile 
product. But which raster technology? Within HP, signifi- 
cant progress had been made on the evolving thermal Inkjet 
technology. This drop-on-demand techno log\^ showed 
great promise and was chosen for the color raster product 
that came to be known as the HP PaintJet Color Graphics 
Printer. 

PaintJet Printer Features 

The Paint)et printer offers seven colors at IBQ-dots-per- 
inch (dpi) resolution; cyan, yellow, magenta, red, green, 
blue, and black. At 90 pixels per inch the user can select 
from a palette of 330 colors (Fig. 2). Throughput on color 
graphics depends on the number of swaths made by the 
carnage. On a full page of graphics the carriage makes about 
200 swaths, which takes four minutes. The PaintJet printer 
has a transparency mode in which the carriage double- 
passes the image so that each dot position has two drops 
of ink to improve color density. Color transparencies take 
eight minutes, or less for images that occupy less than the 
full length of the transparency. Burst speed on text is 167 
characters per second at ten characters per inch and a typ- 
ical page of text takes about 35 seconds. 




90 dpi 



lao dpi 



3D0 dpi 



Vector 



Fig. 1. Vector plotting makes the smoothest lines. The quality of raster fines depends on the 

resolution . 
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Rg. 2. The HP PaintJet printer 

produces cofor grapiiics for over- 
head trensparsnaes and reports 
and neer-letter-qualfty high-speed 
text. It offers seven cohrs at 180 
dots per inch or 330 colors at 90 
pfxeis per inch. 



The PaintJet printer is compatible with nearly every lead- 
ing personal computer. It is supported by a wide variety 
of software including business graphics, word processing, 
personal computer CAD, spreadsheet, productivity, and 
utility software. Available interfaces are parallel. RS-232-C, 
and HP-IB (IEEE 488/IEC 625), 

A clear benefit of the thermal ink}et technology is its 
inherently quiet operation. Other technologies, such as 
multiwire impact printing, are very noisy. During the 
PaintJet printer's development we found that the writing 
system was so quiel: that other noises in the product became 
noticeable. Noise produced during carriage turnaround and 
a snapping sound caused by the paper popping off the 
sprocket pins were some of the areas attacked by the design 
team. The ultimate result of this effort is a sound pressure 
level below 50 dEA. 

Architecture Overview 

The heart of the PaintJet printer's writing system consists 
of two disposable print cartridges: one black and one color. 
Each cartridge has a total of 3D nozzles. In the case of the 
black print cartridge all 30 nozzles are dedicated to black, 
while for the color cartridge 10 nozzles are dedicated to 
each of the subtract ive primary colors: cyan, yellow, and 
magenta. The two print cartridges are held side-by-side in 
the* carriage, which is driven by a dc motor as it scans 
across the paper (Fig. 3). A sinj^le-channel linear encoder 
is used to close the loop around the dc motor. The 90-line- 
per-inch linear encoder* in concert with a hardware extrap- 
olator in a custom integrated circuit, also provides the edges 
used to fire the nozzles at IHO dpi. 

The paper axis consists of a platen with sprockets 
mounted at either end. The sprockets have sprocket pins 



that retract to avoid interfering with the carnage. The car- 
riage rides on a thin metal shim that presses the media 
against the platen. This arrangement allows the distance 
between the printhead and the media to be minimized 
without any adjustments. The paper axis handles Z-fold 
paper, cut-sheet paper, and transparency film. 

The electronics required to control the carriage and paper 
axis motion and to control and pulse the print cartridges 
are contained in two highly integrated boards: the main 
board and the carriage board. The main board includes the 
power supplies, motor drivers, memory, I/O, microcontrol- 
ler, and custom IC (see article, page 51). This board provides 
all motion and dot firing control. The carriage board in- 
cludes the optics for the single-channel encoder plus two 
identical custom ICs that translate the digital dot firing 
control signals into the proper voltages and currents re- 
quired to fire the print cartridges. These fire pulses are 
carried from the carriage board via a flex circuit to the 
beryllium copper interconnect fingers that make electrical 
contact to the print cartridges. The extensive level of inte- 
gration and component minimization on these boards was 
achieved by optimizing the partitioning of the firmware 
and hardware tunctions to make full use of the capabilities 
of each component on the boards. 

Recipe for Reliability 

Our goal u :is tti produce the most reliable product ever 
to come out of our Division. We took a ttvo-pronged ap- 
proach to achieve this lofty objective. First, we devoted 
much time up-front in designing the product for reliability. 
Second, we subjected the PaintJet printer to more test hours 
than any other product we had ever produced ► 

To design in reliability^ we strove to minimize the com- 
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Color Communication Standard 



How can a computer (CPU) communicate color to a peripherai 
device (eg, a color prrnler/plotter, scanner, CRT, film recorder, 
etc.)? Typicaliy, a color image is input into tine CPU from a soft- 
ware program, scanner, data file, or other source The CPU out- 
puts this image to a peripheral devtce such as a color monitor 
or hard-copy printer/plotter. In most cases, the image is first 
displayed on the monitor and the user modifies the image until 
the desfred appearance is achieved The image can then be 
printed with a cotor printer such as the PainUei printer 

To match color between devices, ft is essential that the color 
information sent from the CPU be either precorrecled to the spe- 
cific device's charactenstics or specified using a standard that 
can be interpreted and correctfy rendered by the device. Pres- 
ently, each coior peripheral has its own way of specifying color, 
and standardization does not exist, For example, the color dis- 
played on a CRT monitor is fairly arbitrary The basic requirement 
is that it represent an approximation of the color that the user 
desires, since the human eye very easily adapts to fhe CRT 
image, compensating most color distortions. This makes it a 
problem to produce a color-matched hard copy, since the printer 
has no knowledge of how the user is interpreting the CRT color 
and the eye will not go through the same kind of adaptation when 
looking at the hard copy. Furthermore, differences in the color 
gamut obtainable from each device may Eimd the gamut of colors 
that can be used Regardless of the physical limitations, however, 
it is accurate to say that without standardizing color communica- 
tion. It is highly improbable that an accurate color match between 
peripherals will ever be achieved outside of the laboratory. 

In an attempt to improve this limitation, the PaintJet printer has 
been designed to use a standardized method for color communi- 
cation, While no industry standard has been tully endorsed as 
the preferred method for color communication, the PaintJet 
phnter implements a method for color communication that is 
compatible with the well-established standards of the past and 
can also be easily translated into any future standard. 

The PaintJet color communication standard was selected to 
meet the following requirements: 

■ The color communication system must be device independent. 
Thfs infers that it should represent a color coordinate space 
that can be obtained from standardized color measurement 
methods 

■ The color system should be well-characterized and Its inherent 
limitations understood and recognized. 

■ The color communication system should be capable ot repre- 
senting the full color gamut of current and future color periph- 
eral devices. 

Since Ihe computer industry is already familiar with various 
RGB (red-green-blue) color coordinate systems, it was decided 
that the PaintJet printer would use a coordinate space standar- 
dized to the NTSC phosphors and illumlnani C as described in 
the following table "^ 



NTSC Standard Values 




CIE1931Chromatictty 






Coordinates 


X 


y 


Red 


0.670 


0.330 


Green 


0.210 


0.710 


Blue 


0.140 


0.080 


IllumjnantC 


0.310 


0,316 


(Alignment white) 







The adoption of a standard such as this has the following 
advantages: 

■ It provides a universally understood color communication lan- 
guage for all peripheral devices, 

■ It provides a device independent color communication lan- 
guage for all software packages, 

■ It allows the specEfication of all visual cotors, thereby aBowing 
for future expansion to large color gamuts. 

■ II is upwards compatible wilh any future color image standard 
based on the principtes of colorimetry. 

The color communication method used by the PaintJet printer 
is a first attempt to direct the industry towards a universally ac- 
cepted color communication standard. It is of the greatest impor- 
tance lo evolve this standard to one that is suitable tor all 
peripheral devices throughout the indusiry. 

Future color standards should supplement this current stan- 
dard by providing a more robust and compact coding of color 
data, making it easier to compress and process a color image 
with tittle distortion They should also provide explicit black and 
white compatibility and control over the basic color appearance 
variables so that image enhancement and user interface can be 
carried out in a portable and standard way. For instance, the 
uniform color space called L'a*b", standardized by the CIE »n 
1976. is a good candidate for such a color communication stan- 
dard. It offers some of the advantages just mentioned by describ- 
ing color data with variables that are well correlated with the 
color's perceptual attnbutes. The adoption of such a standard 
for color communication will bring to the user of HP peripherals 
a level of functionality that has never been available. 

^NTSG !S Ihe islafional Television Syslems Committee Ci£ is the Comfnh&ston Inter- 
nationale de CEcfairage 



Don Palmer 

Emit Maghakian 

Project Managers 

San Diego Division 

Ricardo MoUB 

Member of the Technical Staff 

HP Laboratories 



ponent count. Therefore, we consistently opted for simple, 
Straightforward designs, and for extensive integration of 
mechanical and electrical functions. Two tests that we 
specifically focused on to verify reliability were the en- 
vironmental strife test and the BEST (board electronics 
strife test). Strife, which has become a standard HP test, 
subjects the product to seesawing temperature extremes of 
-20°G to l^^'C at the rate of 2.5°C/minute. This cycling of 
temperature helps expose marginal designs and compo- 



nents in the product. Once exposed and understood the 
problem is fixed with a permanent solution. 

Field data over the past few years has shown that al- 
though strife is an excellent tool for finding mechanical 
weaknesses in the product, it has been a less effective screen 
for electronics problems. Therefore, for the PaintJet printer 
we developed BEST, which focuses solely on testing the 
electrical system and its components. In this test the elec- 
tronics, which have been separated from the product, are 
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Manufacturability of the 
PaintJet Printer 



Rve months after iniroduction, tne PaintJet primer assembles 
in less ttian 20 minutes, has a 90% ium*on rate in the factory 
and has had less than ten field failures The product successfully 
met (ts introducijon finished goods inventory requfremenis and 
continues to meet its production goals. Key elements leading to 
this success were early manufacturing invotvement. extensive 
use of vendor and expert inputs, and a team approach to problem 
solving. 

Eafly manufacturing involvement was ensured by staffing the 
project with two manufacturing engineers during the invest! gatton 
phase. This eafly presence alfowed manufacturing to make 
numerous inputs before designs were put on paper Receptivity 
to manufactunng inputs fs high when the design is in a conceptual 
phase witin little momentum. During the investigation phase, man- 
ufacturing engineers worked with the RSiD team in defining the 
mechanical architecture of the product, reviewing conceptuaf 
designs, and Investigaling manufacturrng process feasibility and 
process selection issues. Following process selection, manufac- 
tunng engineers supplied design guidelines to the R&D team 
who tailored designs to the limitations of the specific processes. 

Expen and vendor inputs were solicited extensively during 
component design reviews that occurred during the product de- 
velopment cycle. Tooling requirements, manufacturing process 
requirements, tolerances, inspection strategy, material selection, 
and ease of assembly were all reviewed before tooling and part 
releases. These reviews by vendors, in-house tooling, plastics, 
and inspection groups exposed numerous potential problems. 
Design Iterations solved many of these issues and others were 
resolved through tooling and process feasibility studies, 

A team approach atmosphere was in place during the project 
Manufacturing tried to avoid solely generating fists of manufac- 
tuhng issues to be addressed by the R&D team Instead, the 
manufacturing team identified potential manufacturing problems 
and then worked with R&D to find improvements or alternative 
solutions. This team approach helped create a more positive 
working relationship between manufacturing and R&D and re- 
sulted in an increased level of manufacturing influence on the 
product 

Ac know I edg m e nts 

Numerous parties helped with the manufacturing development 
of the PaintJet printer. Than[<s to the manufacturing engineers, 
the plastics engineering group, mechanical audit, the mechanical 
tooling department, the engineenng test lab, the purchasing 
group, all the production workers and supervisors, and the prod- 
uct design team. 

Eric Cfarke 

Manufacturing Engineenng Supervisor 

San Diego Division 



exercised while being subjected to temperature slew rates of 
lO'^C/minute. The circuit boards are then vibrated to a level 
that is four times higher than what our overall product is 
exposed to. Using BEST, we were able to identify and resolve 
six failure modes that were undetected by normal strife test- 
ing. The elimination of these six modes should markedly 
enhance the reliability of the overall product. Because of its 



extreme effectiveness, BEST has novv been added to the reper- 
toire of testing thai all new products are subjected lo at San 
Diego Division. 

Design for Low Manufacturing Cost 

San Diego Division's first attempt to design a very low-cost 
product was the HP 7470A, a two-pen X-Y plotter.^ Although 
the PaintJet writing system, paper handling mechanism, 
and electronics are ver\* different, many of the low-cost 
design concepts used in the HP 7470A are also employed 
in the PaintJet printer: 

■ Minimize part count b^^ simple design and integration 

■ Eliminate adjustments 

■ Use injection molded parts extensively 

■ Avoid painting and machining operations 

■ Use snap fits rather than screws. 

Of course* in the time since the HP 7470 A, we have 
moved farther along the low-cost learning cur\^e. We now 
believe the following items also belong on the list of best 
practices for low cost: 

■ Use standard* well-understood processes. Historically, 
when we have strayed from this concept we have suf- 
fered low yields, cost increases, and many engineer 
hours of process support and characterization. 

■ Minimi ze then um ber of parts th at h a ve cos m etic req u ire- 
ments. Cosmetic parts have lower yields and require 
special handling and packaging, A corollary to this is to 
avoid parts that have cosmetic requirements and tight 
tolerances. The process window that produces a part 
that meets both sets of requirements is usually narrow. 

■ Don't overintegrate. A part with too many specifications 
has a low probability of meeting all of its specifications. 
This translates into unsatisfactory yield and high cost. 

■ Get close enough to your vendors and their processes to 
understand cost sensitivities. This has several benefits. 
First, parts can be designed that avoid expensive or 
poorly controlled processes. Also, when a vendor asks 
for a price increase, it is easy to assess whether the in- 
crease is justified. 

Software Support 

For an application program to support a peripheral it is 
necessary for that application to have a specific driver for 
the peripheraL The PaintJet printer is a completely new 
kind of product for the San Diego Division. It is not a 
plotter, and it requires special software support. To address 
the needs of this product, existing programs were 
strengthened to develop relationships with new software 
vendors, and a product software integration group was 
formed in the R&D laboratory to address the technical chal- 
lenges of software support. This group's objective was to 
develop the necessary tools and algorithms for proper sup- 
port of the PaintJet printer. 

It was deemed necessary that all of the key graphics 
packages that support HP plotters also support the PaintJet 
printer- Few of those packages supported raster printers at 
that time* and those that did support them did a very ijoor 
job. For example, some graphics packages took ten minutes 
to output an flxlO-incb graph on an HP LaserJet printer at 
75 pixels per inch. To gel a more realistic view of PaintJet 
software support, a driver for one of the popular business 
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graphics packages was commissioned. The first driver look 
45 minutes to output a full-page business graph on an IBM 
PC class machine. This clearly was not acceptable. Our 
goal was to he able to output a full page of graphics to the 
PaintJet printer at 180 dpi in 3.5 to 4.5 minutes. This meant 
the software support had to improve by an order of mag- 
niturie. 

Because the PaintJet printer is a raster device, its driver 
must first convert graphical objects using a vector-to-raster 
converter. It mUxSt then format the data for the PaintJet 
printer* attach the proper escape sequences to the data, and 
finally, transmit the data. An SxiO-inch graph requires 
949. 2K bytes of data. Our analysis of the commissioned 
driver identified the following bottlenecks: 

■ Vector- to- raster conversion* The most efficient means of 
raster conversion is a bit map. This is the technique used 
by IBM PC class machines for supporting screens. To 
use this method for the PaintJet printer, the driver would 
need 950K bytes of RAM space. This is an unreasonable 
amount of memory fthe operating system can only ad- 
dress B40K or 655,360 bytes J. As a result* the commis- 
sioned drii-^er windowed the image and drevv it in six 
pieces, each producing a 1.66-inch band of the graph. 

■ Data transmission. On an IBM PC class computer, data 
rates are very slow* At the operating system level one 
can expect a data rate of 250 bytes per second. At the 
interrupt 17 level, one can get about lOOG bytes per sec- 
ond. Our driver transmitted the data using the interrupt 
17 calls. As a result, 950 seconds or 15.83 minutes v^ere 
needed for data transmission. 
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Fig. 3. Exptoded vmw of the PaintJet printer. 



Bec^UB^ software vendors did not want to spend their 
resources to solve these problems, a software toolkit was 
developed, and data compaction was implemented in the 
PaintJet printer. The toolkit contains code for a high-speed 
vector-to-raster converter, a data compactor, and fast 1/0 
routines. The toolkit can convert an 8 x lO-mch image and 
send the data to the PaintJet printer in 45 seconds, running 
on a HP Vectra computer. The data compaction scheme 
compresses the data 4*5 times, on the average. 

The Toolkit 

The primary objective of the toolkit is to solve the vector- 
to-raster and I/O transmission bottlenecks. The secondary 
objective is to serve as an example that software vendors 
can tailor to their needs or use only parts oL It is written 
in Intel 8088 assembly language, the program is fully 
documented, and source code is included. 

As mentioned above, the toolkit consists of three seg- 
ments: a converter, a compactor, and I/O routines. 
VPRC The vector-and-polygon-to-raster converter first 
converts vectors and polygons to a compacted form that 
has all of the transformations applied to it, that is, all scal- 
ing, clipping, rotating, and so on. It then rasterizes the 
compacted objects. The compacted data form has a fixed 
byte format, which means it is very easy to find the next 
object in the list. Unlike most vector-to-raster converters, 
this converter directly rasterizes polygons. This not only 
improves the process, but also makes it possible to fill 
polygons with raster fill patterns (binary patterns made by 
turning bits on and off). 

The converter uses a memory swath as wide as the print- 
head (10 rows). This minimizes the memory requirements 
of the VPRC to 12K bytes. It also allows overlapping of 
rasterization with printing. While the printer is printing 
swath i, the driver is rasterizing swath i + 1. As a result, 
there is no waiting for the VPRC. 

Data Compactor. To facilitate the use of the printer's com- 
pacted data transmission mode, a packing routine is pro- 
vided. The packing scheme is run-length encoding in fre- 
quency and pattern byte pairs. (The pattern byte contains 
the raster information and the frequency byte indicates the 
number of times the pattern is repeated in uncompacted 
form.) Like any encoding process, run-length encoding can 
produce an encoded line longer than the original, the worst 
case being twice as long. To avoid this problem, an abandon 
clause has been added to the compactor, which transmits 
the unpacked data whenever the compaction process pro- 
duces a longer data string. 

Fast 1/0, A hardware dependent 1/0 routine has been de- 
veloped for IBM PC class machines and the Centronics 
Interface. Data can be transmitted at a rate of 30,000 by^es 
per second on an IBM PC and 100.000 bytes per second 
on an HP Vectra computer. 

The toolkit is provided to software vendors under a no- 
cost license. At introduction, more than 45 application 
pro-ams had drivers for the PaintJet printer. 
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Mechanical Design of a Color 
Graphics Printer 

Among the issues were ensuring proper insertion of the print 
oartridge, making reliable electrical connections to it, 
moving the paper or film accurately, and designing a 
primer, 

by Chuong Cam Ta, Lawrence W, Chan, P* Jeffrey Wield, and Ruben Nevarez 



FROM THE MECHANICAL DESIGN VIEWPOINT, the 
PaintJet Color Graphics Printer offered several chal- 
lenges. Among the more inleresting ones were the 
development of the print cartridge latching mechanism, 
the electrical interconnect to I he prhil cartridge, the media 
drive design » and the primer design. 

Cartridge Latching 

There were several objectives for the design of the car- 
tridge latching mechanism. Since there are two print car- 
tridges (also called pens), one black (Fig.l) and one three- 
color (Fig.2), there has to be a way to identify the correct 
placement of each type of cartridge in the print cartridge 
carrier (Fig, 3), which is called the carriage. The latching 
mechanism must be robu.st .so that it won*t be broken, and 
more important, so that it won't damage the print cartridge 
even if wrong placement of the cartrige occurs. The print 
cartridge loading and unloading procedure should be sim- 
ple and obvious to the user. 

Since the repeatability of print cartridge reglslnition to 
the carriage directly affects the print quality, it must be 
controlled as tightly as possible. The 3tT repeatability goal 
is ±12 micrometers. When the mechanism is latched, the 
print cartridges should not lose registration with respect 
to the carriage after a shock or other disturbance. This made 
it mandatory to design with stability in mind and choose 
registration surfaces carefully. 

Finally, the latching mechanism must be manufactura- 



ble. This means a simple design, a reliable process, low 
part count, and low cost. 

Implementation 

Everyone knows one should read the instruction.? before 
attempting to operate a new product. However, many users 
skjp this step and are frustrated if their attempt isn't a 




Fig. 1 . Biack pnnt cartridge. 
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success. More seriously, the user may blame the product's 
design if somothing breaks during the attempt. 

To help the user find the correct place for each print 
cartridge* color coding is used. After priming and wiping 
a new pen, the user turns to the carriage. The obvious place 
to put the print cartridge must be one of the two openings 
on the carriage. The question is which one. Color matching 
the colored dots on the pen label with those on the carriage 
hd table (Fig.4) will lead the user to the right place. Even 
if the cartridge is placed incorrect ly^ there will be no dam- 
age to either tbe pen or Lhe carriage. The mechanism will 
refuse to latch to let the user know there is som^ething 
wTong. Try again. 

Loading and unloading the print cartridge is simple, as 
illustrated in Fig. 4. First, load the print cartridge to the 
correct opening on the carriage. Gravity will hold the car- 
tridge in the right position to be clamped. Next, puU the 
green latch up to clamp the cartridge in place. To unload, 
reverse the procedure. 

The keys to satisfying the repeatability and stability ob- 
jectives are picking the best set of plastics for the print 
cartridge body, the carriage, and the latch to minimize the 
coefficient of friction between them, and picking the riglit 
locations for loading points and reaction points to 
minimize problems with friclional moments that would 
prevent the cartridge from moving freely to where it is 
supposed to be. We were faced with a narrow set of plastic 
options for the print cartridge body because of constraints 
including compatibility with the ink and dimensional sta- 
bility after molding and after trigger curing [a process for 
quickly banding the printheed to the pen body). Nor did 
we have a great variety of plastics to choose from for the 
carriage, because that p last it:, aside from being a best match 
with the cartridge body pla.'^tic, should be a good bushing 
material, have high dimensional stability after molding, 
and be conductive to protect the electronics from electro- 
static discharge. The easiest material to choose was the 
latch material, which needs to match the cartridge body 
material and have low wear characteristics. We picked 20% 
glass fiber filled Noryl (modified polyphenylene oxide] for 
the print cartridge body, polycarbonate with 10% glass , 
10% carbon, and 15% Teflon for the carriage, and polycaj- 
bonate witb 20% glass and 1 5% Teflon for the latch. Picking 
the right locations for loading and reaction points required 
some careful judgments and verification of the chosen set 
of locations by a free-body-diagram computer model of the 
print cartridge body. 

The print cartridge body has some uncertainty in dimen- 
sion. This is partly because of material shrinkage after com- 
ing out of the moid and partly because the body tends to 
deform after the trigger cure process, which allows the 
stress residue in the plastic to relax even more. To minimize 
this effect, the x and y registration surfaces are chosen as 
close to the printhead as possible. For the most positional 
stability, the z registration surfaces are chosen as far from 
the printhead as possible. Of course, these objectives have 
to be balanced with the physical siite constraints. 

Final Design 

Fig, 5 shows the final latching mechanism design. The 
stainless steel spring A applies a load to the bottom of the 



latch B, which transfers the load to the two ears on the 
sides of the print cartridge C. These loads keep the pen 
cartridge against the x, y, and z registration surfaces D. The 
ears on the sides of the print cartridge are not identical. 
One ear has a beveled surface, which provides a side load 
to keep the print cartridge registered in the y direction. In 
addition to the beveled surface on the ear, a plastic spring 
E, which is part of the carriage, provides an additional side 
load to keep the print cartridge against the y registration 
surface in worst-case frictions 1 conditions. 

The assembly procedure for the mechanism is simple. 
Well-known processes are used for part making. The 
number of parts is minimized without risking design 
simplicity and design margin. Worst-case analysis of the 
final design was followed by exhaustive tests to guarantee 
high reliability. 

Electrical Interconnect to the Print Cartridge 

The main objectives in designing the interconnect system 
were high contact reliability, minimum head- to-paper dis- 
tance to maintain acceptable print quality, and loW' cost. 

The design concept is based on a direct electrical connec- 
tion with the pen substrate nsing a set of spring-loaded 
metal contacts. The leadframe, which makes contact with 
the pen ."substrate, is electrically connected to the carriage 
printed circuit board through a flexible circuit. The lead- 
frame has four groups of contacts, each group consisting 
of 16 contacts with a 1.1 -mm center-to-center spacing. Fig. 
6 shows a leadframe with its four groups of contacts. The 
leadframe is gold-plated and is laminated on both sides 
with Kapton, a polyimide film made by DuPont, The Kap- 
ton helps maintain the position alignment of the contacts 
and increases the rigidity of the system. The three holes 
are for alignment with the registration features in the car- 
riage* 

Fig. 7 shows a leadframe in contact with the color and 
black print cartridges. As the cartridge is latched into the 
carriage, the sobstrate on the cartridge pushes the leadframe 
contacts up to their final positions. The contact force be- 
tween the leadframe and the substrate helps establish a 




Fig. 2. Thme-CQior print cartridge. 
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reliable contact. Fig. 8 is a side view of a leadframe in 
contact with a print cartridge, showing ihat one side of the 
leadframe is in contact with the substrate pad and the op- 
posite side is soldered to a flexible circuit. 

The reiati%^e motion between a leadframe contact and a 
substrate pad during latching helps dig through or remove 
any contamination on the pad. thereby improving contact 
reliability. The height of a leadframe contact tip is only 0.4 
mm. which keeps the paper-to-printhead clearance to a 
minimum. Furthermore, because the spacing between lead- 
frame contacts is vbtx close, the surface area of the expen- 
sive gold pads in the substrate is reduced. 

The leadframe is niade of 0*008-inch ber\^llium copper 
and is laminated with Kapton on both sides. Ber^'llium 
copper is chosen because of its good formability and 
mechanical properties. It is plated with nickel and gold: 
the former serves as a diffusion barrier between beryllium 
copper and goid, and the latter has excellent corrosion 
resistance and high eleclriiial con.ductivily. The flexible 
cable is made of 1-ox copper and is laminated with Kapton 
on both sides. 

Fabrication Process 

The flat leadframe is first chemically etched from 0.008- 
inch beryllium copper sheets. The Kapton base coat and 
cover coat are prepunched and then laminated onto the 
leadframe under heat and pressure. The part is then formed 
to its final shape. Finally, the leadframe is plated with 
nickel and gold. 

The flexible circuit is first chemically etched and then 
laminaled with a prepunched Kapton layer. Finally, solder 
is applied onto the solder joint areas by a silk-screening 
process. 

The leadframe. the flexible circuit, and the carriage 
printed circuit hoard are soldered together using a reflow 
soldering process. The three parts are placed in a fixture 
that has alignment pins to define the parts' relative loca- 
tions. The parts in the fixture are placed on a conveyor 
belt which passes through several reflow stations. At each 
station, a spring-loaded clamp is applied to ensure that the 
solder points are in physical contact. Then^ a high-intensity 
infrared lamp is turned on to solder the parts together. 

Problems and Solutions 

The goal of the interconnect system is to have a mean 
time between failures (MTBF) of 20 months or more. The 
interconnect system contains 32 contacts between the lead- 
frame and each of the two pen substrates. If one or more 
of the contacts is blocked electrically by contamination 
during operation, the system Is cansidered to have failed. 
Because of the proximity of the substrate to the nozzle 
plate, wet ink can easily be spread to the substrate area. 
When the ink drles^ the residue forms a thick nonconduc- 
tive crust which could block tiie electrical connection be- 
tween the leadframe tip and the pen substrate. Further- 
more, the leadframe tips -ire very close to the paper. During 
printing, coating flakes and fibers from the paper can fall 
into the contact areas, and occasionally block the connec- 
tion between the leadframe tips and the substrate. 

To overcome these problems, each leadframe tip is 
shaped so that it can*dig through the ink crust on the pen 



substrate during latching of the print cartridge into the 

carriage. The width of the tips was reduced to 0.25 mm 
from the original 0.40 mm so that it is less likely that a tip 
Will trap any contamination underaeath it. A plastic shield 
is placed in front of the carriage facing the paper to block 
any paper particles from making contact with the leadfrajne 
lips. These features of the design help the system to exceed 
the MTBF goal with some margin. 

*\nother goal was to prevent corrosion of the leadframe 
tips for at least five years. Corrosion can he caused by poor 
plating or excess i^'e wear between the contact and the pen 
substrate during latching. Higher contact force helps dig 
through any contamination layers on the substrate and thus 
increases the contact reliability, hut it also increases wear 
on the surfaces. If the gold plating on the leadframe tip is 
worn through, causing the nickel layer to be exposed, the 
nickel can react with atmospheric pollutants and corrode. 
Also, poor plating can leave minute pores on the gold layer, 
which may allow atmospheric pollutants to attack the un- 
protected nickel layer. Therefore, the gold layer has to with- 
stand all the latching and remain intact at the end of five 
years. 

The solution is to select the optimal gold thickness and 
hardness for the leadframe based on a series of wear tests. 
The integrity of iJie gold plating is demonstrated by subject- 
ing the leadframes to an accelerated corrosion test. By ex- 
posing the parts in an enclosed chamber to some concen- 
trated pollutants, the reactivity of the atmospheric pollut- 
ants on the gold plating over a long period of time can be 
simulated. Ten days in the test environment is equivalent 
to five years of normal service. 

Tolerances 

The amount of deflection in each leadframe tip is based 
on three components: 

■ The height of the substrate relative to the leadframe z-ax!s 
datum after latching. This tolerance is relatively small 
and easy to control , 

■ The height of the leadframe tip relative to its z-axis 




Fig. 3. PaintJet printer pen carriage, showing the openings 
for the two pens. 
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error iO of a gear Is related to the mstantaneous error in 
pitch radius 4R by the following expression for small rota- 
tions of the gear: 



Fig. 4. Matchfng the color -coded labels on the pen and the 

carriage opening ensures proper placement. 



datum. The higher the leadframe tip, the less it deflects. 
■ The height variation between adjacent lead frame tips. 
The variation makes it more difficult for the higher tip 
to make contact with the pen substrate* When the sub- 
strate touches the lower lip, the Kaptori between the two 
tips acts like a compression spring whif:h pushes the 
higher tip even higher until the deflection force of the 
higher tip equals the Kapton force. This mechanism is 
the largest tolerance in this group. 
Manufacturing tolerances on all of these dimensions are 
chosen to guarantee that ever}^ tip makes contact with the 
pen substrate after latching. 

Other critical tolerances on x-axis and y-axis alignment 
prevent situations in which certain leadframe tips make 
contact with tlie wrong substrate pads or snagging occurs 
between certain leadframe tips and the pen substrate or 
nozzle plate. 

Media Drive 

The PaintJet printer sprays a swath of color precisely 
1/18 inch wide. The print media (paper or film) must then 
advance to match. An advance slightly more than the swath 
width will result in a gap between adjacent swaths, and 
falling short of the required move will overlap swaths. The 
challenge is to design the media drive to accommodate this 
very specialized movement. Modeling, measurement, and 
simulation were all involved in the solution. The design 
uses a step motor and a tw^o-stage gear reduction [see Fig. 9], 

Modeling 

The difference between the two extremes of pitch radius 
in a gear is the total composite error (TCE], a measurable 
quantity. The contribution of a particular gear to the total 
drive inaccuracy is related to this parameter. An effective 
analysis of this relationship can be made by modeling the 
system using eccentric nonslipping discs^ where the instan- 
taneous radius of the disc is equal to the instantaneous 
pitch radius of the gear, A larger disc will rotate an adjacent 
disc more than a smaller one. The angular transmisslan 
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Fig. 5, Latching meahar^ism design. 
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When the worst-case angyiar transmission error is re- 
quired, the lai^ast error in pitch radius can be approxi- 
mated as AR = TCE2. Then: 



Ae„ 



2R -f TCE 



Notice that the angular transmission error is dependeal: 
on the amount of rotation (B) and is less for a large radius 
(R]. Therefore, higher step accuracies can be achieved 
through smaller movements such as the U IB-inch swath 
width, and gears contributing the most to media drive in- 
accuracies vvill be small-radius gears. 

Using injection molding technolog\% small parts can be 
made more accurately than large parts. Thus the require- 
ments leod themselves to an injection molding process 
provided that the concentricity of the gear teeth and the 
center mount is set in the mold very accurately. Through 
inspections and iterations, the gear molds for the PaintJet 
printer were adjusted to near perfection. The inherent re- 
peatability and accuracy of the injection molding process 
for small parts allows these gears to fit well within their 
error budget. 

Measurement and Simulation 

Visiinl Fippearancfi of the graphics output shows how 
well the media drive advances paper, but to analyze and 
improve the system, a measurement technique was de- 
veloped using a 50*800-count encoder coupled to the drive 
roller. Measurement accm^acy of 1/100 degree is possible. 

This measurement was used to confirm the gear model, 
but it also revealed another source of error in the motor. 
Step motors have a step accuracy specification, and the 
effect of this error was easily predicted as it was attenuated 
through the gear train. The measured error was something 
else. A strong ever>^-other-swath event was observed. Its 
cause was found by Fourier analysis of the drive roller 
position output. The Fourier analysis converted the en- 
coder signal into a fretiuency-versus-magnitude map of the 
drive roller's angular ptjsition. Each gear showed a peak at 
its predictable frequency. The only component matching 
the frequency of the every-other-swatb error wtis the alter- 
nating phases of the step motor. Each phase exerted a dif- 
ferent torque and the dynamic effect of this difference re- 
sulted in alternating overshoot and undershoot of the cor- 
rect step size. [mplemenUition of a motor deceleration al- 
gorithm solved the problem by minimizing the "kick" 
applied to the drive roller at the last step. The torque dif- 



ference between phases then became insignificanl:* 

How much step accuracy is required? Simulation of vari- 
ous inaccuracies involving the frequency and magnitude 
of each error was done by a combination of modeling and 
measurement. With the encoder mounted to the drive 
roller, the angular position of the roller could be measured 
very accurately. With the appropriate high-resolution input 
we could rotate the drive roller to any desired position, 
perfect or not, A step motor with a 1000-to-l gear ratio was 
set in motion to drive the roller. When the right position 
was reached the step motor was tiu-ned off and a graphics 
swath was printed. Although slow. 10 to 12 hours per page, 
the process produced a well-defined typical graphics out- 
put that could be evaluated by a panel of judges for its 
appearance. 

Using the model, w^orst-case errors caused by mdividual 
mechanism components were analyzed to assess their ef- 
fect on the printed page. This ensured high-quality output 
in even a worst-case scenario. Exhaustive testing then 
proved w^e had a cost-effective, highly accurate media 
drive. 

Primer Design 

Whenever the PaintJet printer's output is unacceptable, 
the user needs a quick and easy way to correct the problem. 
Also, when a user opens a new cartridge, it needs to be 
serviced to begin printing. The primer [Fig. 10) and wiper 
have been designed for these situations* 

Typical examples of degradation are missing drops and 
missing colors, which can be caused by trapped air bubbles, 
contaminants in and on the nozzles, and shock to the car- 
tridge. To correct these problems, the user can take the 
cartridge out nf the carriage, open the primer lid by rotating 
it 180 degrees, and insert the pen into the primer lid. The 
next step is to rotate the lid 90 degrees so that the pen 
cartridge stands up and the primer lid window^s are facing 
upward. The primer lid is then pushed down against a 
spring and held down until the window^s are filled with 
ink This should take a few^ seconds. Once the wundows 
are filled with ink, the lid can be allowed to come up and 
the pen can be taken out and wiped with a wiper located 
under the carriage lid. The problem should now be t;c)f- 
rected and the cartridge ready for printing. However, it 
may occasionally be necessary to repeat the procedure to 
solve all of the printing problems. 

When the user pushes the primer lid down, the cartridge 
is pushed against a rubber bladder, w^hich causes a seal to 
form. As the lid is pushed farther down, the bladder is 
compressed, forcing air into the cartridge and pushing the 





1 



Fig. 6. The ieadframe has 64 contacts m four groups. 



Fig, 7. A ieadframe m contact with pnnl cartridges. 
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ink out towards tlie nozzles. Air in front of the ink in tlie 
nozzles is pushed out. Once the ink reaches the nozzles, 
the capillary force holds the ink in the nozzles. 

In designing the primer, the objectives were to minimize 
thecostand to makelhe primer reliable and user-fdendly. 

To meet die objectives, a number of cost reduction ap- 
proaches were taken. For example, most of the parts are 
made of plastic, which allows integration of many features 
into a single part, thereby reducing the number of parts. 
Plastic also makes it possible to snap fit the parts together, 
simplifying the assembly process. The primer lid is a good 
example. It holds the cartridge for priming, holds the ab- 
sorber pad that captures the ink that is ejected^ holds the 
chamois thai draws ink away from the absorber pad^ covers 
the primer unit when not in use, and snaps into the primer 
unit. 

Having the user do the priming eliminates the need for 
hardware and software to run the primer. As a result, the 
challenge in the design was to make the primer reliable 
and friendly while maintaining user control of the priming. 

To make ihe primer user-friendly, the first step was to 
develop a single procedure for the user to use whenever 
there is a printing problem and when the cartridge is first 
used. The procedure needed to be simple so the user would 
have a short leainijig curve and remember it easily. 

User Tests 

Beginning with the first prototype, and continuing with 
eacli successive iteration, a user test w^as conducted to de- 
termine the friendliness of the primer. The test results were 
analyzed and used to design the next iteration. The tests 
were conducted by non-R&D personnel and videotaped. In 
each lest, nontechnical people unfamiliar with the PaintJet 
printer were asked to unpack a print cartridge and follow 
a set of directions, which included priming and wiping. 

The user tests were invaluable. Our first iteration, for 
example, did not have windows in the lid. The user was 
simply instructed to push the lid down for three seconds 
and then allow the lid to spring up, The videotapes showed 
users pushing down slowly and only part way down^ hold- 
ing the primer lid down too long, and pushing down too 
many times. It became obvious that some feedback was 
needed to let the user know how long and how far to push 
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Fig. 8, Side view of a feadfram^ in contact with a print car- 
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down. A number of ideas were considered. The ideas 
ranged from controlling the effective priming time to visual, 
tactile, and audio feedback methods. Visual feedback^ — ink 
filiing the windows in the lid — was chosen. The advantages 
of this feedback method are that the solution required sim- 
ple tools, and most important, that it clearly shows the 
user what is going on during priming. This is significant 
since the hold -down time varies somewhat with how fast 
the primer lid is pushed down and how much ink is in 
the cartridge. Another advantage is that the amount of ink 
wa.sted is diminished, since the cartridge is pumped only 
until it is primed and no more. 

Another lesson learned from the user tests was that if 
there is an opportunity for the ink to get on the user, it 
will happen. One of the problems faced while designing 
the primer ivas what to do with the ink that is ejected out 
of the print cartridge. The initial solution w^as to have a 
small absorber pad that would soak up the ink as it was 
being ejected. According to our user model at that time, 
the absorber pad would become saturated at about the time 
that one of the ink cartridges would need replacement. The 
idea w^as to send a clean absorber pad with each print 
cartridge so the user could replace the used one. However, 
the test results showed increased risk of ink transfer to the 
user. The design was then changed to eMminate the need 
for the user to replace the absorber. The solution is to have 
a permanent absorber pad that soaks up the ink as it is 
being ejected, and to have a chamois in contact with the 
absorber pad to pull the ink away from the pad. The 
chamois has a large capacity for ink, and because the user 
only needs to prime the cartridge approximately once per 
month, there is sufficient time for the ink in the chamois 
to evaporate bettveen uses. The permanent absorber also 
eliminates the need for the user to learn and remember 
how and when to change the absorber. 

Single Procedure 

[[ is not always necessary to prime and wipe the pen to 
solve a particular printing problem, some problems can be 
eliminated simply by wiping the pen. However, the tests 
clearly showed that the more of a thermal inkjet expert a 
user was asked to become, the more likely it w^as that some- 
thing would go wrong- What we found to W'ork best was 
to provide a single procedure that would be reinforced 
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Pig, 10, //le pnmer allows ihe user lo activate the pen and 
correct printing problems. These instructions are on a pull-out 
card attached to the pnnter, 

again and again. The procedure is included twice in the 
user guide, once in the beginning to guide the user when 
a new cartridge is used, and a second time in the trou- 
bleshooting portion of the guide. For further reinforcement 
and to serve as a quiclt reminder, a pull-out self-help card 
is provided, and icons are placed on both the primer lid 
and the front cover. The icons refer the user to the instructions 
and give tlie order of the priming and wiping operations. 

Besides being user-friendly, it is imperative that the 
primer be effective at solving the problems that the user 
may encounter. Problems can be caused by paper dust get- 
ting on a nozzle or on the substrate, a small air bubble 
depriming a single nozzlet or large air bubbles depriming 
an entire color section. The whole cartridge can be de- 
primed because it has been dropped, for example, or some 
unknown contaminant has clogged the nozzles. 

The different types of failures can be solved with the 
prime and wipe procedure because they fall into two kinds 
of failure modes. Contaminants on the substrate pads or 
on the nozzles can be removed by wiping the nozzle plate 



against the wiper, and the de primes (from, single nozzles 
to complete deprimes) and contaminants caught in the noz- 
zle can be fixed by priming and wiping (in this case the 
wiping serves to clean off the ink left on the nozzle plate 
after priming). Combining the two procedures yields a 
single procedure that will solve just about any type of print- 
ing problem that is user-correctable. 

An important reason for visual feedback to tell the user 
when priming is finished is that the print cartridge will 
withstand only a limited number of primes. The more the 
pen is primed and the higher the priming pressure, the 
larger is the iikelLhood that the cartridge ivill develop air 
paths through the foam that holds the ink The pumped 
air pushes the ink in the path of least resistance. In time, 
a path can be created in which ihere is no ink, giving the 
air a path to the no/.zie plate. However, if the cartridge is 
not primed for very long and the ink is allowed to reach a 
state of equilibrium, the chances of creating an air path are 
diminished. Once an air path is established, the pen cannot 
be primed any longer. Visual feedback helps the user see 
when priming is completed, reducing the tendency to 
prime longer than necessary. 

The higher the priming pressure^ the less time is required 
to prime the cartridge and the easier it is to dislodge air 
bubbles around the nozzles. The lovter the pressure, the 
more times the cartridge can be primed without creating 
an air path. The pressure had to be carefully chosen to give 
high reliability and long life with the user in control of the 
priming. The cartridge design team also made improve- 
ments to the foam insertion procedure, which lessened the 
likelihood of air paths forming and caused a marked im- 
provement in the robustness of the cartridge. 

Another area of concern in the primer w^as the absorber 
pad which w^icks the ink away from the nozzle plate. The 
concern was that the absorber pad material would leave 
some contaminants on the substrate pads or nozzles. The 
absorber pad needs to have a very fast absorption rate, so 
that when the color pen is primed, the three different inks 
are absorbed into the pad and do not mix with each other 
and contaminate the primary colors. The pad's capacity 
has to be sufficient to hold ink for approximately four con- 
secutive primes. The logical choices are fibrous materials. 
Unfortunately, most fibrous materials tend to lose fibers ^ 
expecially as they become wet. After a large number of 
different materials were tried, a treated polyester was found 
that lef [ an acceptably small number of fibers on the cartridge. 
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The Second-Generation Thermal InkJet 
Structure 

Changes in materials and processes increase resolution 
from 96 to 1 80 dots per inch and extend printhead life from 
2 million drops to 7 million drops. 

by Ronald A. Askeland, Winthrop D. Childers, and William R. Sperry 



THE PRINCIPLES OF OPERATION of the HP PaintJet 
print cartridge are identical to those of the HP 
Thiiilcjet print cartridge/ Ink is channeled to speci- 
fied chambers containing a thin-film resistor on the floor 
and a small orifice on the ceiling. The thin-film resistors 
are rapidly heated to temperatures exceeding 4O0''C. The 
ink directly over an excited resistor is vaporized and a 
bubble is formed. As this vapor bubble grows, momentum 
is transferred to the ink above the bubble, which causes 
this ink to be propelled through the orifice onto the paper. 
Ink is refilled automatically to the resistor area by capillary 
action. 

The performance specificaUons of the PaintJet printer 
required a secA>nd-generation material set rather than 
further tuning of what had been developed for the Th InkJet 
program. Print resolution is increased from 96 dots per 
inch to 180 dots per inch. This requirement increased the 
resistor count from 12 to 30 resistors per printhead. Usable 
ink volume is increased from 3.5 ml to 12 ml. The ink 
volume for each drop is reduced from 220 picoliters to 100 
pi. These changes require a 3.5-fold increase in resistor life. 
The most striking performance Improvement offered by 
the PaintJet printer is its ability lo generate over 330 differ- 
ent colors. This is achieved by combining patterns of 
magenta, yellow, and cyan droplets, all generated froni y 
single cartridge. This requires significantly different ink 
management schemes. 

Material Selection 
A cross-sectional view of the PaintJet printhead is shown 



in Fig. 1. Silicon has replaced glass as the substrate mate- 
rial. Although substantially more expensive, it offers per- 
formance improvements in the areas of defect density and 
thermal capacity. Thin^film parameters and photolithog- 
raphy parameters are also more easily controlled on silicon. 

A thermal capacitor is required so that the heat generated 
by the thin-film resistor is transferred to the ink. This heat 
pulse lasts less than 5 ^ and creates a vapor bubble. The 
capacitor thickness is selected so that excess heat is re- 
moved after bubble formation. Excess heat can cause un- 
wanted secondary nncleation and drop performance degra- 
dation. Ttie main sources for heat removal are the silicon 
substrate and the ejected ink. Several thermal barrier mate- 
rials were tested, including ALO^, SiO^, Si^N^, and SiC, 
The optimum barrier was found to be a thin layer of SiO^- 
This material was found superior for thicicness uniformity, 
defect density, and etch resistance to the chemicals used 
to define the various thin-film materials. 

The resistor film is TaAl and the conductor film is Al 
doped with a small perc:entage of copper. These films have 
been used in several printhead applications at HP over the 
years. The resistor material is less than 0,1 ;u.m thick and 
therefore does not substantially contribute to the thermal 
capacitance. 

Next come Si^^N^, SiC> and lantaluni pa.ssivation layers. 
These layers protect the resistor and conductor materials 
from chemical attack by the ink. In addition, protection 
from severe liydranlic forces induced by the collapsing 
vapor bubble is provided. It is desirable to keep these 
layers as thin and uniform as possible because they can 
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Fig. 2. Coniaci pads on ihe pnnthead are connected to can- 
ducimg traces by multiple interconnect //as 

negatively affect thermal response. The design ihicknesses 
are optimiy^ed for step coverage and pinhole derisitv factors. 
Contact between ihe print cartridge and the PaintJet elec- 
tronics was a maior challenge. The interconnect design was 
driven by the requirements that contact be made directly 
to the silicon substrate and that the cartridge be inserted 
easily by the customer several times throughout its life. 
Each time, a low-resistance contact to each of 30 resistors 
must be achieved- In addition ^ this contact scheme had to 
have an extremely low profile so that the minimum print- 
head-to-paper spacing of less than 1 mm could be main- 
tained. Durable, low- resistance contact pads are designed 
along the periphery of the silicon substrate. Each pad has 



' Resistor Area 



Laser Ofilted Hole 



Fig, 3. In the PaintJet color cartridge, each group of ten 
resistors ts supplied with mk through a laser-dr tiled hole. 




a contact area of 1 x 1 .4 mm and consists of a sandwich of 
Ta and Au. The pad is electricalJy connected to a conductor 
trace by a series of small vias etched through the 513X4 and 
SiC layers (see Fig. 2). The Ta fihn offers a ver>' tough, 
scratch-resistant base, and the Au film ensures a chemically 
Inert, low -contact-resistance surface. The multiple- via con- 
cept offers some basic design advantages. Multiple parallel, 
low-contacl-resistance paths are formed. High reliability Is 
achieved since a failure at any of these independent sites 
will not affect the overall performance of a trace. Intercon- 
nect insertion tests have show^n that cartridges can survive 
more than 15 insertions and environments such as 65X at 
90% relative humidity without performance degradation. 

Ink management was a major design consideration in the 
PaintJet print cartridge. In the color cartridge each group 
of ten resistors requires an isolated inic supply system (see 
Fig. 3). The material selection constraints for the printhead 
were driven by performance issues. To achieve 180 dpi 
and conserve silicon real estate, the spacing between resis- 
tors is 200 /i.m. The plated metal wall design used in the 
Thinkjet printhead cannot meet this spacing requirement 
To deliver a IQO-pl drop, a channel thickness of approxi- 
mately 50 ^m is required. Fig. 4 is a micrograph showing 
the resistor area and ink channel geometry. Channel fea- 
tures of less than 100 ju-m are also required to achieve both 
drop volume control and fluidic impedance balance. The 
adhesion of ihe channel material to the silicon substrate 
is very important. Finally, this material must be relatively 
chemically inert since it will be in contact with the various 
inks for periods as long as 2Vz years. 

A photoimageable polymer was identified and special 
imaging and developing techniques were engineered to 
meet these specifications. The 2y2''year storage life was 
confirmed using an accelerated test procedure in which 
cartridges were hermetically sealed and stored at 65^G for 
seven weeks. The performance parameters for more than 
500 cartridges were measured before and after storage and 
found not to deteriorate. 

To supply ink from the resen-'oir of the cartridge to the 
channels, feedholes through the silicon are required. The 
challenges associated with feedhole drilling include the 




Fig. 4» Cioseup viBw of the reBmtor arrd ink channel area. 
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diameter required (300 fim through 500-^ni -thick silicon J, 
the fragility of the thin films, and the manufacturing 
throughput requirements (2 seconds/hole). A number of 
alternative methods were investigated, including contact 
drilling, chemical etching, and noncontact drilling. 

The first two alternatives had serious disadvantages* 
Contact drilling required frequent, costly tool replacement 
Chemical etching tended to damage the thin films. Laser 
drilling was found to be the most cost-effective of the feas- 
ible alternatives. Laser drilling is achieved by focusing a 
high-powered Q-s witched YAG laser with a beam spot size 
of 150 ^m. The beam is trepanned around the desired cir- 
cumference to create a hole. Molten silicon residue (drill 
slag) is minimized by strict control of all the laser cutting 
parameters. 

Orifice Plate Properties 

The orifice plate controls both drop volume and direc- 
tion. This plate contains 30 precisely placed holes less than 
50 fMva in diameter. The dimensional tolerances required 
by this part necessitated advances in plating technology. 
In ad d it ion > new measurement techniques w^ere developed 
to ensure diameter accuracy. 

The orifice plate, composed of gold-plated nickel , is man- 
ufactured by electroforming, This process is illustrated in 
Fig, 5. A sheet of stainless steel is coated with a thin, 
electrically insulating layer. This layer is patterned and 
subsequently defines the outline of the orifice plate as well 
as the Inkjet no/.zles. The patterned sheet [mandrel) is 
placed in a nickel-plating tank and brought to a negative 
potential. Nickel electrodeposits onto the conductive sur- 
faces, Electrodeposition cannot occur directly onto the in- 
sulation layer, so the insulating discs result in circular 
orifices* As electrodeposition continues, the nickel over- 
plates the edge of the disc as shown in step 3 of Fig. 5. 
The nozvAe diameter decreases as the nickel thickness in- 
creases. Once the electroforming is complete, the nicket 
sheet is separated from the mandrel, cleaned, and gold- 
plated. 

There are a number of critical orifice plate properties. 
Some of the most notable are corrosion resistance, surface 
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Fig, 6. System for measunng orifice plate nozzle diameters 
to an accuracy of ^0 5 fim 

finish, sheet dimensions, and orifice diameter. The typical 
nickel-plating chemLstry required some modification for 
this application. An organic brightener is added to improve 
the electroform surface finish. This helps eliminate corro- 
sion site defects and allows the use of a thinner protective 
gold layer, Delamination of the electroform from the man- 
drel because of tensile stress is eliminated by the addition 
of saccharin, a commonly used stress reducer. This additive 
produces a sheet %vith a controlled level of compressive 
stress. The magnitude of this stress is critical to the control 
of the overall sheet dimensions. 

The most critical property is the orifice diameter. Micro- 
meter variations in orifice diameter cause large drop vol- 
ume changes, which have a dramatic impact on print qual- 
ity. The final Inkjet nozzle diameter is approximately equal 
to the startinj^ insulating disc diameter minus twice the 
plated nickel thickness. Controlling the diameter of the 
insulating disc is straightforward because semiconductor 
photoimaging techniques are used. More difficult is control 
of the amount of overplating. The tolerance control re- 
quired is beyond normal plating industry standards, A very 
precise plating current and plating tank geometry are re- 
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quired to achieve the tolerances demanded. 

Measuring individual tio^le diameters to an accuracy 
greater than ±0.5 fim presented a challenge. This is ac- 
complished using the Fraunhoferdiff faction principle (Fig. 
6)* Laser light is dii^cted through the nozzle orifice, produc- 
ing a diffraction pattern which Is detected by a point photo- 
diode. This diffraction pattern is scanned to determine the 
diffraction ring diameter. The nozzle diameter is a mono- 
tonically decreasing hinction of the ring diameter. 

Resistor Reliability 

The Paint [et printhead reliability goal is for cartridges 
to run out of ink before resistor failures occur. Biack car- 
tridges can print more than 1100 pages of text using an ink 
volume of 12 ml supplied to 30 nozzles. Since the drop 
volume is 1 00 pi, there is enough ink for 4 million drops 
per nozzle if all resistors are fired equally. In normal print- 
ings resistors near the center of the printhead are used more 
often than those on the edges; therefore the resistor reliabil- 
ity goal was set at 7 million drops. The comparable goal 
for the first-generalioa Th InkJet printhead was 2 million 
drops (500 pages of text). 

The printhead thin-film resistor and passivation layer 
are subjected to chemical, mechanical and thermal stresses 
during operation. When a resistor Is energized, a vapor 
bubhie is formed which causes an ink drop] el ttj be ejected 
through the nozzle. As the vapor bubble collapses, the pas- 
sivation layer over the resistor is subjected to extremely 
large fluid cavitation forces. The mechanical pounding in- 
duces cracks and craters in the passivation layer and thin- 
film resistor and even damages the underlying SiO^ layer. 
This resistor damage leads to a constriction in the current 
path across across the resistor and subsequent current 
crowding resistor failures (see Fig, 7). 

The high temperatures reached during operation result 
in thermal stress to the resistor and overlying thin films. 
While thermal stress alone does not cause resistor failures, 
it does make the resistor more vulnerable to cavitation 
damage and chemic:al attack. 

Resistor lile tests of more than 1000 cartridges were con- 



5.0 -r 








Fig, 7. Scanning electron micrograph of a failed thin-film 
res/sfor. 
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Fig, 6. WeiMI plot for printheads. 

ducted to ten times normal printhead life using continuous- 
ink printing life testers. The life testers were built from HP 
74 70 A Plotters modified to hold PaintJet print cartridges. 
The duty cycle, pulse width, and voltage supplied to the 
printheads were precisely controlled. All tests were run at 
worst-case product overpower conditions. Resistor failures 
were detected by monitoring resistance values during the 
test. Autopsies of failed resistors provided valuable feed- 
back for printhead thin-film design. 

Resistor life data was analyzed using the VVeibuII distri- 
bution. This method allows us to estimate resistor life at 
a given reliability with a specified confidence level Paint- 
Jet printhead resistor life exceeds our goal of 7 million 
drops at 99% reliability and 90% confidence at worst-case 
overenergy conditions (Fig. fi), 
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High-Volume Microassembly of Color 
Thermal Inkjet Printheads and Cartridges 

Miniature parts and micrometer mechanical tolerances 
make high -volume assembly challenging. Adhesive 
selection was the first step. Special fixtures, tools, automatic 
machines v\/ith vision, instrumentation, and systems had to 
be developed, 

by Chery! A, Boelfer, Timothy J. Carlin, Peter M. Roessler, and Steven W. Steinfietd 



WHEN A NEW TECHNOLOGY slated for very high- 
volume production is being developedt manufac- 
turing engineering concerns have to be addressed 
early. In the case of the HP PaintJet print cartridges, the 
R&D Jab had its charter to invent designs and processes that 
would satisfy performance and life objectives. In parallel, 
manufacturing engineering had to ensure tlxat the design 
and processes would meet the objectives of high volumet 
high reliability, and cost-effectiveiiess* 

Manufacturing Constraints 

The miniature sizes of the parts and the mechanical tol- 
erances required to assemble a functional prinlhead proved 
to be one of the more challenging aspects of this develop- 
ment. While those working with electronic circuit man- 
ufacturing and photolithograpJiic processes are accus- 
tomed to dealing with dimensions measured in singJe-digit 
micrometers, mechanical engineers are most comfortable 
tKinJcing in terms of sheet metah machining, or plastic 
molding tolerances, where on a good day one can hold 
tolerances of 100 micrometers. 



Early tests showed that to obtain a print he ad with accept- 
able drop directionality characteristics, the orifice plate 
needs to be aligned to the substrate with an error no greater 
than lU /im. Furthermore, the alignment accuracy of the 
printhead to the plastic ink reservoir had to be less I ban 
50 ^m to maintain black-to-color print registration and 
electrical interconnections. These requirements seemed to 
border on the limits of feasibility^ especially if the the as- 
sembly processes incorporate thermal cure adbesives. Fig* 
1 shows a representation of the relative distances involved. 
Observe that the differential thermal expansions between 
the mating parts considerably exceed ibe alignment re- 
quirements for both orifice-pIate-tG-substrate and sub- 
strate-to -pen-body assemblies. 

Assembling the Printhead 

To meet the extremely tight alignment specification 
necessary for successful functioning of ibe printhead, care- 
ful conceptual analysis of the assembly algorithm w^as re- 
quired. At the time manufacturing engineering became in- 
volved, the process that was in place consisted of placing 
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Fig, 1 , Comparison of notable therm af Inkjet physical dimen- 
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Drop Velocity Analysts Plot — Good Pen 
Number of Pens in Populatiort: 1 Total Number of Nozzle Measurernents Represented: 30 

Veioaty Data Acceptance Window: 5 to 20 ms 
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Drop Velocity Analysis Plot — Bad Pen 

Number of Pens in Poputation: 1 Total Number of Nozzle Measurements Represented: 30 

Velocity Data Acceptance Window: 5 to 20 m/s 
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Fig. 3, Drop veiocity anaiysis plots for good and bad pens. 
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a film of thermal cure adhesive between the substrate and 
the orifice plate and then aligning tlie assembly under a 
microscope in a fixture that clamped the head with over 
KiO pounds of force. [Today we use roughly one pound of 
force.) Next the entire fixture was placed in a ZOO'^C oven 
for one hour and then removed and allowed to cool before 
removing the head from the fixture. Although the adhesive 
bonded the orifice plate to the substrate adequately in the 
short term, it was known to fail in the corrosive ink envi- 
ronment after a fairly mild exposure. Furthermore, the sys- 
tem as a whole did not meet the specified alignment toler- 
ance. This was because of the mechanical clamping re- 
quired as well as the high-temperature cure cycle (i.e.^ the 
differential thermal expansion of the material set as de- 
picted by the chart in Fig, 1) . Finally, the practical manufac- 
turing feasibility of mechanically fixluring each printhead 
for over an hour was virtually zero. Clearly, this assembly 
process w^as at best a temporary one. 

We immediately began to investigate alternative systems 
for building the printheads. For our new assembly scheme 
to be successful, the bond between the orifice plate and 
the substrate had to perform three functions: a tack func- 
tion, a gasket function, and a structural function. We knew 
that we had to bring the parts into alignment to within ±10 
^m, hold them together within the time constraints of high- 
volume production (tack function), and then have that bond 
resist continuous exposure to the highly corrosive ink en- 



vironment for a projecied 2,5 years without allowing any 
leaks between color chambers or outside of the ink delivery 
path (gasket function). Also, the bond would have to with- 
stand various forces in handling and opera I i on ♦ as well as 
temperature cycling excursions that typically cause ad- 
hesive joints to fail as a result of fatigue, embrittle ment, 
and thermal stress effects (structural function). 

We brainstormed many alternatives, including pressure 
sensitive tapes, ultraviolet [UV] radiation activated cures, 
two-part epoxieSt and surface activated and dual-cure- 
mechanism adhesives, in various combinations with 
mechanicai, magnetic, and other processes. We did a formal 
decision analysis that looked at such performance factors 
as handling time, cure time, dispensability, process con- 
trollability, cure temperature, and number of process steps. 

Twenty-eight different adhesion schemes were analyzed 
and ranked in order of desirability. The result was that the 
alternatives involving a thermal cure fell to the bottom of 
the stack, So we set off looking for a UV/surface activated 
adhesive that would give rapid holding strength with UV 
exposure and then continue to cure at room temperature 
once the surfaces had been brought into contact. Other 
alternatives included various pressure sensitive tapes and 
frozen, premixed two-part epoxies in preformed sheets that 
cure rapidly when brought to room temperature. 

How^ever, w^e soon discovered in one test or another that 
all of these convenient solutions didn't meet one or more 



Automatic Alignment Machines 



One o! the first challenges confronting the PaintJet printer pen 
manufacturing team was performmg orifice-piate-to-substrate 
and head -to- body alignment and attachment in high-vofume pro- 
duction. Volume forecasts justified a fully automatic, high-speed 
production machine. Since HP engineering resources were not 
available to develop the system rn-house, we contracted with 
two companies. One specializes in machine vision and the other 
in high-prectsfon material handling. 

Schedule constraints mandated that design of the pen align- 
ment machine (PAM) begin before the assembly processes were 
fully developed. Because of this, a major reset occurred when 
the process was changed to require additional steps after orifice/ 
substrate attach ment Because these steps d^dn't lend them- 
selves to in-fir>e production, RAM was split into two machines 
(Fig 1 ) HAM (head alignment machine) and SAM (skeleton align- 
ment machine). HAM performs onf ice/substrate assembly and 
SAM perfornns head.''body assembly, allowing the extra opera- 
tions to occur off-line, The initiaf design of both machines was 
done by our contractors, but major HP efforts went into optimizing 
tt^e design, improving reliability, developing the control software, 
and integrating the components into reliable, fully operational 
production machines, 

Mechanics 

The mechanical design of the machines was driven by many 
constraints such as t^ght alignment tolerances, high throughput, 
reliability, and cleanliness, The basic process steps, such as 
singulating orifice plates, dispensing adhesive, and aligning 
parts, are perfonned in modular stations. Substrates, offfice 
plates, headSn and pen tradies are fed into the machines in 



stackable part carriers and are conveyed from station to station 

using vacuum to minimize handling damage. Feedback from a 
variety of sensors informs the control computers of any machine 
malfunctrans, which might include jams, misplaced parts, and 
mechanical failure of a machine connponent 

A significant mechanical challenge is to posftion parts repeat- 
ably using rotary arms up to TO inches long. Motors with high-res- 
olution encoders (4000 counts per revolution) are used in com- 
bination with hard stops to meet the positioning requirements. A 
carousel with eight high-precision pen body holding fixtures is 
used on SAM to transfer pen bodies to each workstation Each 
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F i g . 1 . The pen aiignment macfiine consists of the head align- 
ment machine and the skeleton afignment machine. 
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fixture accurately tocates pen bodies for successive operations 
such as: applic^ion of ttiree adh^sives, aiignnrtent of heads to 
pen bodies, amJ adhesive curmg 

To simpSffy the design and maintenance of HAM and SAM. a 
concerted effort was made to replicate comptxients and use 
common parts Many componenls such as dc servo motors and 
coordinated motion controllers were selected because they are 
used for other purposes at San Diego Division Thts ailows easy 
access to hardware with a history of good peitormance 

Machine Vision 

Machine vision enables HAM and SAM to align the pen com- 
ponents automatically to micrometer tolerances. HAM finds an 
alignment hoie at each end of the orifice pJate and a square 
target at each end of the substrate. The vision system views the 
targets through the aJJgnment holes and fnforms the controller 
to rotate and translate the substrate such that the targets align 
to within 9 /^m of the centers of thesr respective alignment holes 
After alignment, the parts are attached and become an assem- 
bled head, Similarly, SAM rotates and translates a head untiJ the 
orifice plate alignment holes are within 15 ^m of their ideal loca- 
tions on a pen body. 

While machine v<sf on is fast and accurate, there are several 
elements that make human vision difficult to replace. Dirt and 
other surface imperfections, eastly ignored by the human ob- 
server, can make alignment features impossible for the machine 
to find. The machine is also sensitive to changes m light levels, 
making periodic calibratjon necessary. The small field of view of 
the camera and the proximity of other potentially confusing fea- 
tures make part misplacement a problem, A major effort was 
required to develop complex machine vision algorithms and op- 
tics to handle these situations and to minimize scrapping of func- 
tionally acceptable parts. 

Control Systems 

HAM and SAM have independent electronic control systems 
with similar designs The componenls controlled include 53 
motors. 64 pneumatic valves, and 165 sensors Each control 
system has three major parts: 

■ A master control processor, an HP Vectra computer 

■ A vision system, consisting of a PDP-1 1 computer, an Image 
processor, and a TV camera with split-fieJd optics 

• Local control processors, which are ZSO CPU boards. 



The local control processors control the use of motor, pneuma- 
tic corttroller, and analog-to-digital converter cards. Alf communi- 
cation ES vFa RS-232-C. and all maiof cards are off-the-shelf STD 
BUS components. 

Soflware for HAM and SAM coftsi^ o! extensive master con- 
troller code and Z80 assembly code. Several techniques are 
used to l<eep this targe amount ot software maintainable Master 
controller code is split into control code and rrmnu code, An 
emulator was written to enable each part to be debugged without 
ttie need for the other 

Both the master controller code and the Z80 code run under 
VRTX, a multrtasking operating system Reentrancy is used to 
reduce program size. Program changes are mimmfzed by aitow- 
ing commonly changed parameters to be downloaded to the 
Z80s from the Vectra computer at run time One of the difficulties 
I nherent in a project of this nature is that to develop the mechanics 
The software is required, and to develop the software the mechan- 
ics are required. The development of both mechanics and master 
controller software simultaneously was greatly accelerated by 
maktng the Z90 code capable of communicating with either a 
Vectra computer or a dumb terminal. 

Results and Lessons Learned 

HAM and SAM do the job of ten operators and five manual 
machines. Throughput and alignment quality have both improved 
substantjally smce their implementation. 

As in all major development undertakings, we learned some 
important lessons fromi the PAM project. FirsL development time 
can be reduced by ensuring that the assembly processes are 
stable and well-characterized on manual tooling before design- 
ing automated equipment Automated equipment should be de- 
signed in- ho use or contracted to experienced assembly machine 
builders. Specialties, such as machine vision, can then be 
brought in as needed, In no case shoufd specialists be the pri~ 
mary system designers. 
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of the "must'' reqiiLrements. Surface curing adhesives and 
epoxies either cured too slowly or did not survive in the 
iiik environment, tapes did not guarantee a consistent seal 
and did not have Jong-term dimensional stability, and other 
schemes were either not dispensable or not available as an 
off-the-shelf product. The adhesive testing process is de- 
scribed in detail later m this article. 

In the tests, the only alternatives that met the perfor- 
mance '*miists" were thermally cured. So we needed to 
rethink our alternatives given the additional constraint that 
a thermal cycle of up to one hour would he required on 
the printheads. In a high-volume environment it would be 
impractical to hold one hour's worth of production in 
traveling alignment fixtures. We had to develop a tacking 
scheme that would allow quick removal of the assembly 
from the alignment station and maintain the relative posi- 
tion of the orifice plate to the substrate until after the ther- 
mal cycle was complete. 

We chose an ultraviolet-curing tack scheme once it was 



shown to be possible to ciire some UV adhesives in under 
one second if radiation of the proper wavelength and inten- 
sity is used. Originally, we used screen printing to dispense 
a layer of adhesive approximately 75 /^m thick- The effort 
to. make it work was abandoned following the realization 
that the processes could not be made reliable enough for 
our manufacturing environ menT Later, precision dot dis- 
pensing using an air-pulsed syringe was found to be 
superior for our application. In the present process, one 
dot of a UV curable tack adhesive is placed in each of the 
four corners of the substrate ijefore the alignment station. 
This is done with an HP-designed dispensing tool that uses 
a special optical sensing scheme to locate the syringe rela- 
tive to the parts and thus ensure accurate dot placement- 
The volume of each dot dispensed in this way is typically 
25 nanoliters. To put tiiis in perspective, if you placed one 
dot per second into a one-gallon container^ if would take 
over five years to fill it up. Because of this miniscule use. 
adhesive vendors were not interested in developing custom 
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formulations for our application. Therefore, we were limit- 
ed to off-the-shelf products. 

Once the adhesive is dispensed onto the substrate ^ the 
problem of aligning the orifice plate to the substrate re- 
mains. Very early in the development of the manufacturing 
plan, an automatic pen alignment machine (PAM, see box, 
page 34) was contracted. In the meantime, several iterations 
of HP-designed manual tools were designed and built. The 
original assembly line incorporated three of these manual 
tools, which facilitate production cycle times of around 15 
seconds per prmthead. Both the manual tools and the new 
automatic machine PAM are based upon closed-loop align- 
ment of the substrate to the orifice plate, with translation 
and rotation stages being moved to align thin-fjlm targets 
on the substrates to target holes on the orifice plates (Fig. 
2\, Once alignedp each tool drives an orifice plate onto a 
substrate under a specific load to ensure intimate contact 
between the parts. Once the proper load is achieved. UV 
light sources flood the printhead components to cure the 
tack adhesive. 

The Gap Problem 

After we had developed the process and tools to build 
the printheads. we began to notit;e variations in their per- 
formance. Fig. 3 shows a representation of the printhead 
where the vertical vectors correspond to parameters mea- 
sured on the JULIO system (see box, page 37). To have 
good print quality it is critical that the drops of ink travel 
from the printhead to the paper at a controlled speed, and 
that the drop volume is held within an acceptable window. 
The plots in Fig. 3 show an example of JULIO data from a 
good pen and a bad pen. In the bad case, the nozzle-to-no^.- 
xle drop veloritv variation is unficct^plably high. 

We discovered that this unhealthy drop velocity charac- 
teristic was associated with small gaps between the orifice 
plate and the substrate, as represented in Fig. 4. These gaps 
could be on the order of a couple of micrometers and still 
have a drastic effect on drop velocity. With a gap present, 
some of the energy from the thermal pnlse of the resistor 
is lost in the crevices, and the resultant drop ejection rate 
is decreased and highly irregular. The crevices were also 
ideal locations for air bubbles to accumulate, further de- 
grading drop formulation and ejection. 

This problem was complicated by the interaction of the 
ink with the printhead materials over time. The barrier 
material would swell and change shape after several days 



Resistor 



Barrier 





Rg, 4. SmafI gaps between the orifice piste and the substrate 
caused reduced and irregutar drop vefocities A new process 

efin^inates them. (Not drawn to scate ) 



Fig. 5. The pn'nthead has to be aiigned with molded features 
on the pen body, shown tn black on this drawing. 



or weeks of contact with the ink. and this would affect the 
shape of the firing chamber and the occurrence of gaps. 
We needed to develop a process that would eliminate the 
gaps and ensure intimate contact between the orifice plate 
and the barrier material for the life of the pen. This is 
exactly what we did. Unfortunately, the process is propri- 
etary and cannot be divulged here. 

Making the Print Cartridge 

In parallel with solving the problem of printhead assem- 
bly » we were developing a strategy for bonding the finished 
printhead to the ink reservoir^ This problem had many of 
the same constraints that we had been facing with the print- 
head, namely extremely tight alignment tolerances and part 
handling difficulties. Also, the same cycle time, environ- 
mental, and ink exposure resistance requirements would 
have to be met. 

There were some fundamental differences as well. In- 
stead of adhering the orifice plate to the barrier and thin- 
film materials, this problem was one of adhering the sili- 
con-backed printhead to the potyphenylene oxide pen 
body. The thermal expansion difference between the mat- 
ing parts (i.e., silicon and polypheny lene oxide] was much 
greater than in the orifice/substrate case (see Fig. 1 ], making 
thermal cure adhesive systems even less attractive. Further- 
more, in the head body system, the printhead has to be 
aligned with respect to molded features on the pen body 
(see Fig. 5), rather than the much friendlier concentric 
targets simultaneously visible when aligning the orifice 
plate to the substrate. 

Our initial approach to head/body alignment relied upon 
closeddoop optical positioning of the printhead in a fixture 
that held the body in a presumably known position. An 
operator would adjust the printhead 's position with respect 
to a template representing the proper location. We soon 
encountered difficulties with this system. First, the crea- 
tion of 3 template that satisfied our specifications was dif- 
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JULIO 



Earfy m the development stages of Jlie FainUel pf mt cartrtdge 
head arch fleets tdentifieo the need for a measarement instrumenr 
to quantify the drops being ejected by the prinlfiead T^ie first 
such instrumem <s caiied JULIO, for jets (of mK) unaer faboraiory 
intensfve olDsarvatkon 

JULIO can control head temperature ink t>ack pressure, r^is- 
lor drive vollage. puJse width and frequency It can measure 
drop velocity, drop trajectory and drop volume Drop veiooty \s 
measured with an opttca^ system coiisistmg primarily of a Jaser 
beam and a pair of photodetectors (Fig i ) \/Vhen the drop fiies 
through the beam„ the signais at the phoiodeiectors am inter 
rupted consecutively signaling the event JULIO then calcuiates 
the velocity using the known distance and the measufed flight 
time between the detectors 

Drop trajeciory m measured by locating the drop in two planes 
approximately parallel to the noziie p^aie A strode light illumi- 
nates the drop from two odhogonal directions parallel to the 
nozzle pJaie. and a camera and frame grabt)er capture the drop 
images The pnr^thead is then moved up a specified distance 
the nozzle fs fired again, and two new views of the drop are 
captured These four images of the drop are digitized and the 
centroids of the drop images are calculateo Knowing where the 
drop (S in both psanes. the angle of the drop can be caicuJated 
The drop's trajectory relative to the nozzle piate is determined 
by probing the surface of the nozzle plate with a sensor that 
determtnes its angie relative to JUL I O's coordinate system 

Drop volume is measured by firing drops into a cup which is 
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Fig. 2. Jyptcai resuit of an operating window test of a pnnt- 
nead 

[hen weighed on a precfS'On balance to detem^ine the average 
drop weight Volume is calculated using the known ink density 
JULIO verities ihat the drops are fired using I he laser and detec- 
tors to ensure thai the weight measured represents the correct 
number of drops fired 

An applicatran of the drop velocity measurnrrent on JULIO is 
the operating window test {Fig 2) In this test, the velocity is 
measured as a function of the resistor dnve voltage to determine 
the correct drive pulse for the pen In the start-up test, the ve- 
locrties of a specified number of drops are measured and plotted 
against order lired to observe the vanation ot drop velocity over 
time 

The tests on JULIO were invaluable in evaluating the perfor- 
mance of the printhead dunng its development. They are still 
used dally to monitor the qualrty of prini heads made on the pro- 
duction Kne 
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Fig. 6. Peel tester used rn the sdhesive tests. 

ficult at best. Also, operators had a difficult lime doing the 
alignment. Parallax, depth of field, and cycle time were 
some of the major obstacles. 

A major breakthrough occured when one of the engineers 
suggested a simple open- loop alignment scheme. Histori- 
cally, the relatively loose tolerances on the substrate edges 
made this approach seem impractical. To get around this, 
the scheme takes advantage of the near perfect photolitho- 
graphic dimensions of the orifice plate. A vacuum chuck 
was designed which has three pins that protrude only 
0.003 ±0.0005 inch. The pins are wired to LEDs which 
il laminate when in contact with the electrically conductive 
orifice plate. When the operator sees the three LEDs light 
up, the printhead is fixtured in the right place. Our model 
shop quickly fabricated the extremely delicate vacuum 
chuck. Using the same pen body holding fixture and UV 
sensitive tack adhesive as before, along with a built-in UV 
light source, the new open-loop aligner proved not only 
feasible, but superior to the optical method in every way. 
We improved our initial alignment, yield, and cycle time 
considerably, 

Adhesive Testing Process Details 

Adhesives were the obvious means of fastening the 
PaintJet printliead together and attaching it to the pen body. 
However, selecting from existing products was more dif- 
ficult than initially anticipated and problems with these 
products continue to occur occasionally in production. Un- 
like mechanical fasteners* adhesives are unruly and 
plagued with endless unknowns. They also appear to be 
endless in variety and potential as technology improves. 
Thus the adhesive selection process can also become endless. 

An iterative trial-and-error mechanical testing approach 
was used to find a working adhesive set. A general under- 
standing of adhesive chemistry^ was useful in controlling 



variables. Greater expertise in the field of polymer science 
w^ould have streamlined the selection process, but would 
not have eliminated the necessity of trial-and-error selec- 
tion. Most adhesive compositions are proprietary and the 
compatibility of various adhesives with substrates and ink 
was unknown. Vendors w^ere relied upon to supply prod- 
ucts that they felt were appropriate and these products 
were tested to determine their feasibility. 

Reliance on chemical analysis was heavy in the later 
stages of adhesive screening. Those in-house with chemical 
expertise supplied information on optimal cure conditions, 
analysis of contaminants, batch-to-batch variations, and 
quality control methods and measurements. 

Frobfem Definition 

The selection process began with a definition of bond 
requirements, which were determined from: 

■ Physical requirements for a functional pen. such as pen 
geometry, pen material set, and alignment tolerances 
necessary for proper pen operation. 

■ Desired life and environment of product, including the 
handling loads the bond might see and the environment 
the bond must survive during the product's life. 

■ Production requirements, such as tacking time, cure 
time, open time, shelf life margins, and safety require- 
ments. 

Requirements were easily quantified in some cases. In 
other cases, we relied on engineering judgment. For exam- 
ple, handling loads that the bond might see during the life 
of the product were determined by assumptions regarding 
the worst-case loading that the product might be subjected 
to by its users. Along wnth the list of requirements was a 
long list of desires that would simplify assembly or some- 
how reduce cost. 

Vendors w^ere then queried as to which adhesives they 
would recommend to satisfy requirements. Many vendors 
generously supplied samples of any product they felt had 
the potential to perform acceptably. As with all design 
processes, flexibility was importanb Requirements were in 
a constant state of change. Priorities often needed to be 
reordered, which meant that previous adhesive candidates 
had to be reevaluated in terms of the new priorities and 
vendors had to be recontacted with revised requirements. 

Sample Preparation 

For initial screening, test specimens were used instead 
of real parts. These had some advantages: they simplified 
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Factory Systems 



Infonnation System 

Foreseetng i^e difficult engmeenng ciiaifenges ahead, one of 
the key manufaciunng objectives for the PamtJet pnnter pen 
assembly line was to have an infDrmation systenrj with the abitfiy 
to reconstruct the manutaGfunng environment expefienced by 
any pamcufar pen and lo detect frends and problems in the 
manufacturing piocess The manufacturing environment ir>- 
etudes per-pen data such as component Jot numbers, important 
process parameters, and quaJity decision data, Objectives for 
the informaiton system included data accuracy greater than 97%, 
minimum operator interacticn, easy access to the infornnaiion by 
engineers and managers, complete independence from process 
or material movement control systems, ability to adapt to chang- 
ing data needs, and convergence with systems used for other 
HP thermal tnkjei lines. 

An HP 9000 Model 550 Computer is used as the data base 
machtne and information system controller At the first step of 
the assembly line, each pen body is labeled with a high-density 
code-39 bar code to serve as the pen's Jdentification number. 
At significant process steps, the bar code is scanned along with 
process information to record portions of that pen s manufactur- 
ing environment Part carriers are aiso bar-coded to map compo- 
nent lot numbers to each pen identification number. Reject track- 
ing FS handled on-line with a bar-code menu system 

An easy-to-use menu system helps engineers and system 
users create their own reports. Through the use of (nformtx 4GL 
software, users can easily pick specific data elements from the 
data base and configure it according to their needs. Ad hoc 
analysis is performed by downloading the data to a local personal 
computer The system can also report grouped data to produce 
standard management reports and graphS- 

The information system's capabilities have proven to be ex- 
tremely important in problem-solving situations as well as for 
engineering and management decision making. By using the 
system's ability to track each pen individually, potentially elusive 
and costly production problems can be identified and analyzed, 
and a course of action recommended soon after realizing that a 
problem exists. For example, engineers were faced with the prob- 
lem of orifice plates peeling off the substrate when the tape was 
removed. Engineers used the information system to identify 
exactly when and how those pens were made, what if any unusual 
events were occurring during the time the pens were made, and 
what common elements were shared among the reject pens. 
They were then able to determine that the problem was caused 



by a malfunctioning ohtce plate' substrate aligner This was rein- 
forced by reject Pareto charts for that ifrrFe period and the af- 
fected pens were immediately recalled and reworked The sys- 
tem has proven lo be an indispensable t^me and money saver 

Factory Design 

A primary manufacturing objective for the PaintJet pen was to 
foltdw the iust'fn-tirT)e (JIT) or demand- pull philosophy in the fac- 
tory and pen line design. Following the JIT philosophy was noi 
an easy task during the production start-up phase, but the im- 
provements seen in yields and uptime have proven its worth. 
When problems occur with particular tools, processes, or parts, 
the entire line is quickly forced to shut down by low work-in-pro- 
cess levels. This approach focuses engineering attention on 
problem situations, and encourages process improvements in- 
stead of temporary fixes. 

Several processes in the head assembly section of the PaintJet 
pen line require contamination, temperature, and humidity con- 
trol. Therefore, an available clean room was modified to meet 
these environmental requirements. With the increase m produc- 
tion levels, the clean room became a less-than-optimal environ- 
ment, and steps are being taken to move the environment sen- 
sitive processes out of the clean room and into a normal manufac- 
turing environment. The installation of laminar flow benches for 
processes that require environmental control was a major step 
towards this objective. This approach has major advantages such 
as: high flexibility, improved work environment, leverage to future 
processes, relatively low cost, and reusable equipment The 
cleanliness of the work area and the pen performance are mon- 
(tored for any changes resulting from environmental control. The 
plan is to provide as much operator, engineering, and manufac- 
iunng freedom as possible within the limits of the process require- 
ments. 

Stan Evans 

Manufacturing Engineering Manager 

Camt Beamer 

Mary Ann Beyster 

Diane Fisher 

Manufacturing Engineers 

DianB Armstrong 

Systems Administrator 
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the design of ihe strengh testers, they were less costly to 
fabricate than real samples, they were tangible subf rates of 
appropriate size and material that couhl be shown to ven- 
dors, and their uniformity could be controlled. They had 
the disadvantage that any deviation from the actual product 
implied the introduction of known and unknown variBbles. 
Many extraneous variables sneak into tests as a result of 
sample fabrication. In an attempt to control thern, samples 
needed to be carefully prepared. Substrate surface prepara- 
tion for bonding needed to be consistent from sample to 
sample and accurately reflect the eventual real part prepa- 
ration. Adhesives needed to be handled carefully. Some 
adhesives were sensitive lo even short open times before 
cure. Many adhesives were refrigerated to maintain their 



reaction potential. Physlcai bond geometry also needed to 
be maintained from sample to sample. Bond shape, thick- 
ness, and area affected the strength test results. 

Testing Apparatus 

Peel Tt!*its. Bonds nnti be subjected to peel stresses from 
user handling and product wiper operation. Since bonds 
are typically weak in peel, this is a vulnerable failure mode. 
A peel tester was used to determine the relative peel 
strength of adhesive bonds. The silicon substrate, repre- 
senting the circuit, was clamped to the stationary fixture 
of the tester. The orifice plate substrate was pulled at 90 
degrees from the axis of the silicon substrate at a constant 
rate of 0.002 inch per second (see Fig. 6). 
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Creep 



Fig, 9. Jypicai c^eep shear te&l result 

The resulting data was a 1 oa d- vers lis-deflec lion curve 
[Fig. 7), Initial peel strength is the load required tu initiate 
pceh Notch peel .strength ij> \\m load required tu .sustain 
peeL Peel resistance is pruportional to the width of the 
bond. 

Creep Shear Tests* Although most systems have little creep 
in Iheir lully cured state, creep was a cons i deration for 
partially cured tduk boiidjs and for testing bunds niadL: using 
doublci-sided tape. 

Bondii were tested hy clamping the sllitun subtrate to a 
static: fixture and clamping the orifitje plate (or pen body) 
to a moving fixture which also held a mirror [P^ig. 8). One- 
pound aud tw^o-pound weights were applied for ten sec- 
onds to simulate handling loads. A laser was used to mea- 
sure the changing distance to the mirror. Displacement w^as 
plotted versus time (Fig. 9). 

Peel and creep shear tests were run on bunds subjected 
to different conditions: 

■ Initial handling strength te.sts w^ere perfurrned shortly 
after cure or on partially cured tack bonds. 

■ Full-property tests were perfonued on bunds that had 



acquired full strength- 

■ Fost-environmental tests were performed after bonds 
were subjected to fifty thermal cycles betw-een 40°C 
and 75"C. 

■ Post-refhix tests were performed on bonds after immer- 
sion in ink fur 10 or 30 days at 65T^ 

m Post-bag tests were performed on bonds that had been 

placed in an air-tight chamber with ink for 10 or 30 days 

at 65''C. 

Ink resistance was the must difficult criterion tu meet. 
Most bonds subjected to ink degraded significantly. Failure 
was typically in adhesion to one of the substrates when 
bond surface sites were displaced by moisture. 

Adhesives that best met the requirements included ul- 
traviolet cure tack adhesives and low thermal cure one-part 
epuxies. The ultraviolet cure mechanism allows infinite 
open time before cure and tack strength in one second 
following exposure to UV light. The disadvantage of UV 
curing adhesives is that tliey are typically acrylic-based 
systems with limited long-term ink resistance. They are 
not employed for structural bonding but for fixturing sub- 
strates following alignment. They are required only tu sur- 
vive long-term exposure to ink without coming off dud 
potentially disturbing pen func;tion. Some (>f the luw^ tiier- 
mal cure one-part epoxies proved to have high bond 
strength and good lung-term resistance to degradation in 
ink. 
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Ink Retention in a Color Thermal Inkjet Pen 

Keeping the ink in the pen and off the user is a nonthvial 
engineenng problem. 

by Erol Eriurk, Brian D. Gragg, Mary E, Maviland, W. Wistar Rhoads, Jim L Ruder, and Joseph E. 
Scheffelin 



THE DEVELOPMENT OF THE PAINTJET PEN and 
its assembly processes was recngnized as being one 
of the toughest projerts undertaken by HP's San 
Diego Division. Our nbiective was to supply our customers 
with a high-quality pen that cnulrl be mass produced. The 
primary job of the final assembly processes is to get ink 
into the pen and ensure that it stays there until the pen is 
used by the customer. 

Fig. 1 sbows special clear-bodied empty and full PaintJet 
pen-^. Inserting the foam [ink reservoir), filling it with ink, 
and sealing the pen are very complex tasks. Aside from 
the inherent problems encountered when using a low4ech 
material in a high-tech application, the foam is required 
to fit precisely into the pen cavity. Once saturated with 
ink it must retain the ink over a wide range of environuien- 
tal conditions throughout the pen's life. The plug must 
hermetically seal to the pen and ailow it to vent to the 
outside iitmosphore. The packaging must provide a physi- 
cal harrier to ink leakage at the nozzles, and must limit the 
pressure drop and water loss that the pen may experience 
during shipping and storage. 

Foam Insertion 

The process used to insert the foam reseni^oir into the 
pen cavity has a major impact on the pen's ability to retain 
ink. The foam must be compressed on the filter, it must 
remain in contact with the internal walls and corners of 
the pen. and it must be inserted to a controlled depth. If 
any nfthe.se three conditions is not met, the pen may leak. 

U the foam does not contact the filter, the negative pres- 
sure in the pen is lost. Foam compression on the filter 
prevents the ink leakage that would otherwise result if a 
column of unsupported ink contacted the filter. This cob 
umn of ink can include both the ink between the filter and 
the nozzles and the ink in the void space near the filter. 
The ink in the space around the filter h eventualy absorbed 
into the foam as it becomes less saturated during printing, 
Without the negative pressure provided by the foam, ink 
leakage will occur 

A sec'ond and less obvious benefit of compressing the 
foam against the filter is improved ink extraction effif:iency. 
A region of locally higher-density foam is created when 
the foam is compressed on the filter. The resultant increase 
in density [pnres per inch) tends to provide a slightly higher 
capillary forc:e in that region of foam. This attracts ink from 
other iowF^r-foam -density regions, which results m less ink 
left in the foam toward the end of the peo's life. Thus the 
user gets more printed pages per pen. 

Several steps are used to insert foam into the pen cavity^ 
A vibratory bowl feeds the foam to a mechanical compres- 



sor station. The compressor station uses a com press- re- 
lease-compress sequence to compress the foam, which is 
initially larger than the pen cavity. The compressed foam 
is then pushed out of the low-friction compressor blocks 
into a thin -walled square tube. The tube is inserted into 
the pen cavity, and the foam is extruded into the cavity by 
pushing from behind as the tube is withdrawn. 

Ink Fill 

Tightly coupled la foam insertion is the ink fill process, 
A very dense ink fill is required for two reasons: it allows 
more ink to be put in the pen, and it minimizes trapped 
air. Any air trapped in the pen will expand at high temper- 
atures or altitudes, forcing ink out of the foam. Ink not held 
by the foam can lead to leakage. 

Achieving a dense ink fill is particularly challenging. 
Initially, the foam is hydrophobic, so ink must be forced 
into it. The fill is ac:c:t>mplished by plariing the pen in a 
vacuum environment and injecting ink using hypodermic 
needles. Evacuating the pen cavity in the presence of a gas 
that is more soluble than ambient air in ink tends to 
minimize the volume of gas left in the foam. Furthermore, 
degassing the ink before injecting it into the foam decreases 
the vohime of gas initially injected into the foam. The pro- 
prietary process used to fill the PaintJet print cartridge with 
ink requires tight control of evacuation rate, vacuum levels, 
needle location, ink injection rate, vacuum release rate, 
and a host of other variables. This process, complemented 
by a precise and repeat able foam in,sertinn before ink fill, 
produces the ink delivery system necessary for a drip-free 
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Fig. 1. dear- bodied full and empty PainUet printer pens 
(pnnt cartndges), showfng foam mk reservoir. 
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Foam/Ink Interactions 

Fig. 2 shoivs critical foam insertion and ink fill features 
and tlieir failure modes. 

Foam/ink process interactions were prevalent through- 
out the development of the ink delivery system. Only after 
uniform compression of the foam on the filter was achieved 
could a repeatable ink fill process be developed. As the 
ink fill process evolved and higher quantities of pens were 
manufactured » the more subtle problems became evident. 
Among these were foam tilting in the cavity and foam gaps 
in the corners, both of which eventually could lead to ink 
leakage. 

Foam tilting occurred during the foam insertion process. 
The foam was slightly tilted as it was compre.ssed and 
transferred into the square tube. The foam remained 
slightly tilted after it was transferred from the tube to the 
pen cavity. If the foam tilted toward the filter, it resulted 
in a local high-capillarity region, which improved ink ex- 
traction efficiency. If the foam tilted away from the filter, 
it resulted in the opposite phenomenon. The extreme cases 
of tilting resulted in gaps along the foam-to-pen-wall inter- 
face. The gaps complicated ink fill by allowing ink to 
bypass the foam and flow randomly on top of the foam and 
into the tooling as it was injected. Tilting was virtually 
eliminated after extensive redesign of the foam compression 
mechanism. 

The last major hurdle encountered after foam tilting was 
eliminated was ink '^spouting." Spouting was caused by 
insulflc:ient contact between the comers of the foam and 
the internal corners of the pen cavity. Inadequate contact 
let ink spout along the corner gap during the fill operation 



and end up on cither the ink fUl tooling or on the top of 
the foam (see Fig, 2]. Because the ink is rapidly forced into 
the hydrophobic foam^ any areas where the foam does not 
make intimate contact with the pen walls form iow-resis- 
tance paths for the ink to travel along. Ink ends up where 
it wants to. instead of where it should be. The most difficult 
area in which to achieve good contact during foam insertion 
is the corners of the cavity. 

Spouting can contribute to ink leakage through several 
different mechanisms. First, an unsupported column of ink 
remains in the gap in which the spouting initiated. A net 
positive head can occur if I he foam is saturated {as it is 
early in the pen life) and ink leakage out of either the vent 
or thenoz5?les can occur. Second, the spouting ink is depos- 
ited on the intentionally dry band of foam located on the 
plug end of the pen. The vent is not designed to handle 
large volumes of ink coming into contact with the plug. 
Therefore, any ink that is not absorbed into the foam may 
leak through the vent holes. Finally, the low-resistance ink 
paths along the corners alter the fluid front formed as the 
pen is filled. This re.sults in dry pockets in the foam. The 
air in these pockets expands at high temperatures or high 
altitudes, forcing ink out of the pen. 

A foam design change and several insertion process mod- 
ifications eventually eliminated the spouting issue. The 
physical dimensions of the foam were changed to increase 
the forces it exerts on the cavity walls. Although this makes 
insertion more difficult, it results in more repeatable and 
robust processes, both at foam insertion and at ink fill. The 
thin- walled square tube used to insert the foam was refined 
by modifying corner radii, improving its position relative 
to the pen cavity, and reducing friction between the tube 
and the foam. The improved design greatly eidiances our 
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Activating the Pen 



Whether a pen is in a package or being buslt on the production 
fine, it requires an actTvaKon step before it can be used The 
activation process must provice a continuous, air-free ink patri 
between the filler and the meniscus m each nozzle To get ink 
flowing from the fitter to the rK>z2les. a differentia! pressure is 
applied to the pen This process fs called pnming. 

The priming process consists of injecting air through the vent 
holes on the back of the pen. thereby moving the ink froni through 
the pen The purged ink is drawn off from the nozzles The pres- 
sure profile applied to the pen is defined by a pressure-drop/fiow- 
ressstance niodei of the ink path from the fifter through the nozzles 
The model assurnes that pressure drops are Inversely propor- 
tional to the cross -sec tlonaJ area of the air/ink interface and are 
t^eavlly dependent on geometncal constrictions, 

When pressurized ink comes out of the foam, it flows through 
the filter. Until the air/ink interface reaches the nozzles, the cross- 
sectional area for fluid flow rema[ns relatively targe. The pressure 
required to get ink up to the nozzles is typically around 0.75 ps? 
The air/jnk interface requires much more pressure in the area of 
the orifice plate and substrate, where channels are small and 
constrictions are abundant Since it takes more work to move 
the air/ink interface through the smaller channeis, the pressure 
required is increased to around 6 psi Under sdeal conditions, 
first applying 0.75 psi and then applying 6 psi would result in an 
air-free pen every time, 

Actual conditions are less than ideal because of imperfections 
of the parts and capillary forces that cause air bubbles to be 
trapped in the Ink path. II the bubbles are Earge they will most 
likely be around the filter area, and if they are small they are 
most fikely to be under the orifice plate, Large bubbles are dis- 
lodged from the walls by mechanical shocking and are flushed 
to the substrate area. The bubbles then get forced through smajt- 
er channels where their leading edges take on the curvature 
defined by that geometry. It takes work to deform a bubble and 
force it through the constriction against capillary resistance. 
Going through such a constnctton, a bubble s length-to-diameter 
ratio becomes unstable and the bubble breaks into many smatler 
bubbles. To purge out the smaller bubbles, a high pressure 
differential is applied to the pen to overcome capillary resistances 
and geometrical constrictions The pressure is limited by how 
quickly the foam can replenish the purged Ink and the require- 
ment that no air go through the filter. 

For Ihe reasons mentioned above, the priming process that 
gives the best results is one where low pressure is applied trrst, 
followed by higher pressure, with mechanical shocks appHed 
throughout the process. The optimal low and high pressure levels 
and durations were defined empirically 

The PaintJet printer prime station used by Ihe customer has 
only a single pressure source. It is designed to solve the most 
common failure mode, small bubbles under the orifice plate 
Since the pnme station cannot clear all bubble faHures, it is 
necessary to ensure that all pens are virtually free of bubbles 
before they are shipped. This is done by dedicated production 
machinery capable of delivering both low and high pressures 
and mechanical shocks, and by carefully handling the pen until 
it is taped. The tape keeps the pen primed by maintaining an 
airtight seal until the pen is ready for use. 

Eroi Erturk 

Manufacturing Engineer 

San Diego Division 



abUlly to iBJect ink to a known location and keep it there. 

The finaJ requirements of the foam Lasertion and ink fill 
processes for a drip -free pen are to control the foam, inser- 
tion depth and to avoid forcing Ink out of the foam as the 
plug is attached. During the ultrasonic welding of the plug 
to the pen cavity, the plug is positioned to a depth at which 
it contacts the foam. Contact is necessan^ to prevent the 
faam from moving away from the filter if the pen is mechan- 
ically shocked. Foam inserted too deeply into the ca\aty 
eUminales the foam-to-plug contact, resulting in possible 
shock failures or leaky pens. 

If the foam is above the desired level in the cavity, the 
plug overcompresses the foam as it is welded. This can 
force ink out of the pen or cause localized ink stranding. 
The free ink may move to tocations within the cavity that 
can cause leakage. Although the foam depth is tightly con- 
trolled at the insertion process, additional margin is ob- 
tained by providing a band of unsaturated foam on the plug 
end of the pen. Besides eliminatitig the possibility of free 
ink after the plug is attached, this band of foam provides 
an overflow safety zone for any ink that is displaced at 
extreme environmental conditions by small amounts of gas 
that remain trapped in the ink reservoir. 





m 





Pressure 





Fig, 3. The molded pfastic plug is designed to ^eai the pen 
and aliow it lo vent without iostng ink. 
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Pfug and Vent 

The molded plastic plug is also critical to keeping ink 
in the pen. It must hof d the foam in place against the filters, 
hermetically seal the pen, seal hetween chambers on a nolor 
cartridge, and allow the pen to vent without allowing ink 
to escape. 

Fins are designed into the plug to press against the foam 
This keeps the foam away from the vent, which is critical 
to vent performance and keeps the foam in place even 
during mechaniral shocks. 

A hermetic seal between the plug and the pen body is 
essential to both retaining ink and priming the pen. Ul- 
trasonic welding was chosen from several bonding pro- 
cesses for this application. The welding process proved to 
be dependent on many things, including the mass and 
geometry of the pkig and the foam height. Although this 
interdependence of parts made process development a real 
challenge, welding the plug has proven itself extremely 
reliable. 

The most challenging design aspect of the plug was the 
vent. Bidirectional air flow is required for pressure equali- 
zation as ink Is removed through printing or if environmen- 
tal conditions change, but the ink must stay inside the pen 
The design met with serious stumbling blocks until break- 
throughs in foam insertion and ink filling guaranteed only 
small amounts of free ink, if any* around the plug under 
worst -case conditions. This allowed a vent design that can 
be molded as part of the plug. The vent begins with a 
volcano-shaped projertion into the pen (Figs. 3a and 3b |, 
which allows the pen to breathe as long as the ink level 
does not cover the pe^k in any pen oriental irm. If ink gets 
between the volcano and the walls, the geometry draws 
the ink toward the base of the volcano regardless of the 
orientation of the plug fFig. 3c). 

At the base of the volcano and around the inside of the 
plug are small channels, which draw in the ink and spread 
it throughout the channel system. The capillary force is 
strong enough to hold this ink independent of pen orienla- 
tion. In thi^s manner the c:apillar\' system can keep ink away 
from the vent regard I e.ss of pen oriental ion. 

If ink manages to get into the vent, a second capillary 
system takes over. The tube's small size makes it a capillary 
trap. Once ink gets into the tube (Fig. 3d) no more ink can 
enter. The capillary force is large enough to keep more ink 
from entering the vent, since the new ink would have to 
eject the ink currently in the tube. However, the force is 
small enough that during normal operation, as iok is de- 
pleted during printing, the vent will clear itself [see Fig. 
3e) without the pen's exhibitinganyprint quality problems. 
On the other hand, if a positive pressure out of the pen is 
experienced because of an increase in temperature or al- 
titude, the small amount of ink in the tube clears as showm 
in Fig. 3f. The small outer volcano shape acts like the large 
volcano shape by drawing the ink to its base, where the 
ink will dry {Fig. 3g]. 

This system, all part of the one-piece injection molded 
plastic plug, keeps ink in the pen and allows air to flow 
freely through the vent. 

Pen Packaging 
The pen package provides two additional barriers to leak- 



age. Tape provides a physical barrier to no^5!le ink leakage > 
A sealed canister provides a physical barrier to ink evapora- 
tive loss and isolates the pen from pressure changes at high 
altitude. The requirements are no visible free ink and <1% 
evaporative ink loss over 1 ,5 years. 

Pressure and temperature extremes can cause ink leakage 
by disturbing the fnrf:e between the foam and the nozzle 
capillary pressures. At high temperature, ink viscosity de- 
creases and surface wettability increases, allowing ink to 
flow more easily- how pressure (high attitude) and high 
temperature cause nir bubbles to expand. These two factors 
tip the balance in favor of ink leakage, not retention. 

The tape consists of adhesive on a polyester carrier. The 
no/.zle plate is wiped with deionized water to remove ink 
residue. Then the tape is pressed onto the nazyAe plate. 
The process is done quickly to prevent ink from being 
wicked through the nozxles before the adhesive produces 
a seal After customer removal no adhesive residue remains. 

Fig. 4 shows an exploded vlew^ of the pen pac:kage. The 
canister consists of a PVC-coated aluminum deep-drawn 
flanged cup and a peelahle PVC-coated aluminum lid, heat- 
sealed together. The seal must be hermetic and survive 
altitude-induced stresses^ yet be easily peeled apart by the 
customer. 

Aluminum is nearly impermeable to water vapor, satis- 
fying the water loss requirement. IJofortunately, only veiy^ 
thin gauges can be deep-drawn or peeled, so the resulting 
canister is not puncture-resistant Drop-in plastic liners 
add the necessary puncture resistance. 

The canister works as a pressure vessel at high altitudes 
by restricting the expansion of the trapped air surrounding 
the pen. The canister limits this air volume expansion (and 
thus the pressure drop) to about 5%. 

The single most important lesson learned from the ther- 
mal Inkjet pen development project is that many of the 
processes involved in this technology are interrelated. The 
successful development of a drip-free pen could ooly be 
achieved by developing all of the assembly processes 
simultaneously, from foam insertion to packaging. 



Tape 




Peelabte Lid 



Ptaslic Uner 



Pen (Print Cartridge) 



Plastic Uner 



Atumrnum Cup 



Fig. 4. Exploded view of the pen package 
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Ink and Media Development for the 
HP PaintJet Printer 

The ink, paper, overhead transparency film, and printhead 
for the l-IP PaintJet Color Graphics Printer had to be 
designed as a system because of the complex interactions 
between these elements. 

by Donald J. Palmer, John Stoffel, Ronald J. Selensky, Peter C. Morris, M. Beth Heffernao, and Mark 
S. Hickman 



THE DESIGN OF INK, paper and overhead trans- 
parency film for the PaintJet Color Graphics Printer 
reqidrod substsintini interaction IjHtwt^en the ink, 
media, print cartridgen and product teams. Throughout the 
program, design issues were approached from a system 
perspective so that the best overall performance and reli- 
ability could be achieved. 

Ink Design 

The PaintJet printer combines black, magenta, yellow, 
and cyan ink drops in a 2 x 2 -pixel cell to generate a palette 
of 330 different colors. The inks are composed of a solvent 
carrier [vehicle] and a colorant (dye). The vehicle functions 
to provide the essential thermodynamic, kinetic, and fluid 
properties required to generate a superheated vapor bubble 
and eject a drop. Additionally, the vehicle acts as a carrier 
for the dye. bonding \t onto the surface media (paper or 
film) with the necessary spot diameter and permanence to 
meet user needs for print quality. 

The vehicle is a combination of water and hydroxylated 
alkyl ethers and IhH dyes are organic compounds that have 
been solubilized in the vehicle using sulfonates and mono- 
valent species such as Li * and Na ^ , or calionic organic 
amines. 



The inks have many chemical and physical require- 
ments. They miLst withstand changes in pH, suppress bac- 
terial and fungal growth. r«si.s1 decomposition, and have 
chemical compatibility with the material set used in the 
print cartridge. Additionally, the ink must exhibit little 
change in its physical properties as a result of evaporation 
of the vehicle solvent, whit:h can affect viscosity » wettabil- 
ity, and surface tension. This is important to maintain drops 
that are ejected with controllable volumes, velocities, and 
shapes. 

During the firing of a drop, the layer of ink covering the 
surface of the heating element can reach a temperature of 
about 340X. At this temperature, the decomposition of ink 
can deposit residue on (he surface of the heating element, 
a process knowm as kogation. Kogation affects the volume, 
shape, and velocity of the ejected drop, causing the quality 
of the printed oyt[)Ul to vary. Consequently, it is essential 
to design an ink that resists such decomposition over the 
useful life of the print cartridge. 

The residue from kogation was found to be largely car- 
bonaceous with varyiug amounts of dye and inorgantc salts 
included in Ihfi riarbon matrix. In the PaintJet printer, ko- 
gation was eliminated hy careful selection of vehicle sol- 
vents, dyes, and electrical drive characteristics. 
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Impurities Introduced into the ink froin the vahicle com- 
ponents, dyes, or other additives can also cause kogation. 
Therefore, all of Ihe constituents used in the PaintJet ink 
are purified. 

Preventton of Clogging 

Traditionally, clogging of the pen has been the biggest 
complaint of the the inkjet printer user. With closer inspec- 
tion, the types of clogging can be divided into two 
categories. First, a soft plug can occur, causing the initial 
droplets to be missing. Second, a hard plug can form, re- 
quiring the customer to clear an obstructed nozzle^ 

The root of Ihe clogging problem lies in the exposure of 
the iidc to air. In a roller-ball or felt-tip pen, the ink is 
protected against exposure to air by a tight cap, A tight cap 
could not be used in the PaintJet printer because of the 
position of the interconnect and the potential problem of 
forcing air into the nozrAe. Therefore^ the ink is exposed 
to air and the water component of the vehicle does evapo- 
rate. Consequently, the concentration of dye and cosolvent 
(nonvolatile component of the vehicle) can increase 
dramatically at the Ink/air interface. 




This rise in dye and cosolvent conceiitration causes the 
customer to experience clogging by two different mecha- 
nisms. First, the viscosity increase in the orifice, caused 
by increased dye and cosolvent concentration, can prevent 
the ink droplet from being ejected. This soft plug can usu- 
ally be cleared by repeated firing of the pen, but the initial 
characters printed would be misformed or missing (Fig 1). 
This condillon is especially prevalent under cold and low- 
hum idity conditions. Evaporation of water from the orifice 
can also cause a hard plug to develop at the ink/air interface 
and prevent the ink droplet from being ejected. This hajrd 
plug fcrusting) forms as the dye crystallizes out of solution 
because of the increased dye concentration and the change 
in the vehicle composition (less water and more cosolvent) 
at the ink/air interface [see Figs, 2 and 3), 

In the development of the PaintJet inks, a hard plugging 
problem was experienced with the black ink. Lowering the 
dye concentration would solve this problem, but the 
printed image would suffer a loss in optical density. In- 
creasing the initial cosolvent concentration would reduce 
the increase in dye concentration near the orifice, but 
would increase the viscosity of the ink, which could actu- 
ally increase the amount of viscous plugging, force a design 
change in the pen, or create problems in media develop- 
ment. Still another solution to the crusting problem would 
be to increase the solubility of the black dye. Increased 
solubility would keep the dye in solution as its concentra- 
tion increased as a result of water evaporation, 

Alternate cations were used Ln the hope of increasing 
the solubility of the dye. Increasing solubility [or the solu- 
bility product constant K^^^J by exchanging cations looked 
promising because the solubility product for the black dye 
is proportional to the fourth power of the cation concentra- 
tion: 

Ksp ^ Idyellcation]'^ 

Thus, the K^p (and therefore the solubility) can be in- 
creased greatly by replacing one cation (sodium) with 
another (lithium, potassium, TMA, etc.). 



1.1 .•• 



^•. 






Fig. 1, Misinformed character (bonom) resulting from soft 
plug formation The top photo shows the character as it should 
look 




Fig. 2. Hard plug formation (crusUng) on an orifice plate. 
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Fig. 3. Scanning eiedron micrograph of crustfng on the 
Qfifice plate. 

Selecting a cation that would increase solubility of the 
dye in the ink vehicle followed two different theories. First, 
it was thought that increasing the solvation of the cation 
would increase the stability of the dye in solution fmake 
it more favorable energetically). The second pathway to 
increased solubility involved increasing the size of the ca- 
tion. It was thought that increasmg the the size of the cation 
would destabilize the crystal structure of the dye. Thus, 
increasing the solubility could be obtained by two methods: 
increasing the stability of the solvated state or decreasing 
the stability of the crystal structure. 

Lithium, potassium. TMA (tetramethylammonium)* and 
other organic cations were then substituted for the sodtum 
cation in the black ink. Results showed that the solubility 
of the dye increased dramatically when using Li or TMA 
as the cation far the black dye. Crusting was also eliminated 
by using these cations. Thus, both methods of increasing 
solubility seem to work. Increasing the solvation of the 
cation by using lithium (Table I) and decreasing the crystal 
stability [TMA] both eliminate crusting in the pen. 

Tatile i 

Enthalpy and Free Energy of Hydration 



Ion 


Enthalpy of 


Free Energy of 




Hydration 


Hydration 




dH (kj/molel 


dG(kJ/mole) 


W 


-544 


-506 


Na + 


-435 


-406 


K^ 


-352 


-330 


Rb^ 


-326 


-310 


Cs^ 


"293 


-276 



With the substitution of cations, the rate of viscous plug- 
ging at room and low temperature is affected dramatically. 
The lithium ion decreases the amount of time before the 
viscous plug forms while the TMA ion increases the 
amount of time before the viscous plug forms. This increase 



in the amount of time before the viscous plug forms, com- 
bined with the elimination of crusting, makes TMA the 
most desirable cation for use. 

Strong correlation was found between the time it takes 
for viscous plugs to form and the increase in effective ionic 
radius due to hydration. The effective radius actually de- 
creases going down the coiumn in group I of the periodic 
table (see Table 11). This decrease in effective radius of the 
larger ions results from a lesser amount of hydration be- 
cause of a more dispersed charge. 

TalMeEl 

Approximate Effective Ionic Radii 
in Aqueous Solutions at 25X 



Ion 



i(Aj 



Li-^ 


6 


Na* 


4 


K^ 


3 



In conclusion, the TMA ion reduces both the crusting 
(hard plugging) and the viscous plugging (soft plugging) of 
the black ink to such a large extent that the amount of dye 
in the ink can be increased. Thus, both the start-up perfor- 
mance and the optical density of the black ink are improved- 

Paper 

The paper designed for the PaintJet printer has a coated 
surface so that the optimum print quality can be achieved. 
The coating serves two basic functions. First, it interacts 
with the Ink and localizes the dye to the coating surface. 
This surface localization provides maximum optical ab- 
sorption, since the dye is not hidden in the fibrous paper 
structure. Second, the coating interacts with the vehicle to 
generate the required spot diameter and shape. The op- 
timum spot diameter is a function of dot resolution and 
differs between graphics and text printing. Optimizing spot 
diameter for text requires a knowledge of the desi^red font 
designs. Spots that are too small will not sufficiently over- 
lap adjoining spots, resulting in scalloped edges and poor 



ThinlcJet Paper PaintJet Paper 




ao 120 160 

Drop VoIufTie (pi) 

Fig. 4. Spot diameter as a function of drop volume for the 
PaintJet printer ink/paper system, ^ith other papers shown for 
comparison. 
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Fig. 5. PainUel pnnfer paper con- 

version preBs schemRtic diagram. 



optical density. Spots that are too large will suffer a hiss 
of character resolution and edge acuity. In graphics appli- 
cations, spots that are too small result in the logs of optiral 
density (because of the admixing of the white paper be- 
tween spots) and dot placement patterns (bandingh Spots 
that are too large degenerate resolution and increase the 
minimum line wfidth, A plot of spot dtameter versus drop 
volume serves as a useful tool for developing and t h^irac- 
terizing paper (Fig. 4). It is necessary to establish the allow- 
able spot diameter range for both text and graphics appli- 
cations. The drop volume range is also plotted in Fig, 4; 
the minimum volume represents the black, magenta, yal- 
low\ or cyan drops and the maximum drop volume reflects 
the double dotting of the subtractive primaries to generate 
red, blue and green. The minimum and maximum spot 
diameters and the minimum and maximum drop volumes 
define the box in Fig, 4. Papers suitRble for use with the 
PaintJet printer must not exceed the spot diameter range 
over the given drop volume. Hewlett Packard's Think|el 
paper and an office bond paper are shown for comparative 
purposes. 

Converting PaintJet Paper 

Panfolded paper is presently used in a variety of HP 
inJcjet printers. While the printed image is of key impor- 
tance in the paper design, the ability to produce a final 
form of the highest quality is also vital. 

To produce the fanfolded PaintJet product, bulk roll 
paper is converted. Paper in very large rolls is slit into 
smaller rolls that can be used on the converting press. On 
the press, the smaller rolls are fed and tensioned through 
a series of stations that vacuum the paper, print key infor- 
mation along the sprocket strips, punch sprocket holes, cut 
cross perforations, cut side perforations, and perform a 
final vacuuming before the paper is folded and separated 
into di.screte stacks (see Fig. 5]. Proper control of the per- 
foration strength must be maintained to ensure product 
reliability. 

Many factors affect the perforation strength, including 
coating abrasiveness, web tension on the press, sharpness 
and alignment of the blades, depth of cut, precise matching 
of web speed to perforation drum rotation, thickness vari- 
ation of the paper, nature of the fibers in the base paper, 
tooth geometry, number of teeth per inch, and the direction 
the sheet is folded at the end of the press. 

PaintJet paper is converted using blades having tooth 



densities great enough to produce micmperfn rat ions. Mi- 
cro perforations produce a nearly clean edge when separa- 
tion occurs; they result frnm using blades having 40 or 
more teeth per inch. As the number of teeth incrr^ases. the 
distance between teeth remains constant from one blade 
to the next but the width of the tooth decreases. Therefore, 
the cumulative cutting length varies inversely with the 
number of teeth per inch. The result is an increase in the 
strength of the perforations with increasing number of teeth 
(see Table III and Fig. B). 

Table fli 

Cumulative Cutting Length as a 
Function of Teeth per Inch 



Teeth/ 


Distance 


Tonth 


Cumulative 


Perforation 


Inch 


between 
Teeth 


Width 


Cutting 
Length 


Strength 


40 


0.006 in 


0.019 in 


0,760 


4JJllVin 


50 


O.OOB 


0.014 


0,700 


5.4 


fiU 


O.OOfi 


n.oio 


0.600 


7.0 


72 


0.006 


0,008 


O^-iZfi 


9.5 



Many of the factors affecting perforation strength are 
strictly functions of the press used in the conversinn. Other 
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Fig, 6, CumutaUvs cuwng length decreases and perforator} 
strength increases as the number of teeth per inch mcreases. 
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factors are more easily adjusted and controOed. Blade align- 
ments and tooth geometries are optimized for the tkickuess 
and abrasiveness of the coating while penetration of the 
blade is controlled by correct blade alignment. Figs- 7a and 
7c show the tooth geometry of tw^o widely available blade 
types. The resultant blade impressions in the paper are 
shown in Figs. 7b and 7d. 

The underlying source of perforation strength is the base 
paper on which the coating is appUed. Depending on the 
depth of cut and the direction of folding, fibers in the base 
sheet can be completely separated and broken (see Fig, 8). 
The result is a reduction in perforation strength. Papers 
with greater fiber resilency show smaller variation in per- 
foration strength. 

Overhead Transparency Film 

Overhead traiispdrency film differs from paper. It is con- 
structed from an optically t^lear polyester snbstrfite, which 
is nonabsorbent- Therefore it is essential to apply ao ink- 
receptive coating to the film. The same rules regarding 
print quality and spot diameter that apply to paper also 
apply to overhead transparency film. 

Post-printing '^development ' of film images is part of 



the PaintJet solution to providing high-quality Inkjet trans- 
parencies. Image protection and development control are 
provided by specially designed protective sleeves supplied 
with each sheet of iilm. 

We needed to establish a coating or treatment for clear 
polyester film that would absorb inlt quickly and spread 
the drops by a factor of 3l4 until optimal overlap of adjacent 
dots is achieved. This is required to obtain high image 
density^ aud bright colors. Handling fiexibUity was con- 
sidered crncial. This includes the ability to operate at ele- 
vated hnmidit>^ and to store the film in the protective plastic 
sleeves typically used with three-ring binders. 

Chard ct eristics of paper and fihn differ greatly. Porosity, 
and therefore ink absorptivity, can be much greater in 
paper. Film porosity is restricted because of transparency 
requirements. The portion of film contributing to ink ab- 
sorptivity is liiuiled to a smooth surface coating a few* mi- 
crometers thick. The result of lower porosity is that ink 
penetration at the film surface is slower than for paper, 
allowing ink drops to coalesce if touching while on the 
surface- This coalescence causes images to appear blotchy, 
or 'puddled." To avoid this, initial dot diameters must be 
less than the dot spacing. The dot size must then grow^ 




Fig. 7, 7 wo blade ^ypas and the impressions they make in the paper. 
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Fig. 8. Depending on the paper and other factors, fibers in 
the paper can be separated in the perforation process 

considerably p after the drops have penetrated the surface 
of the film, to reach the optimal dot size. 

Coating design is further complicated by the fact ihn\ 
hydrophilic coatings, required to accept our water-based 
ink, have a tendency to absorb environmental moisture and 
become tacky at high humidity. Fingerprinting, printer 
feed, and drying speed are all significantly affected by this 
tendency. 

The handling robustness requirement turned out to be 
our most challenging design constraint. In particular, being 
able to store freshly imaged film in protective sleeves with- 
out damaging the image was a difficult goal to achieve. 
Evaporation of the ink vf^hicle from the film is critical to 
the stabilization of the images created using our post-print- 
ing dot-spread mechanism, yet many coiiimercially av^ail- 
able sleeves have virtually no w^ater vapor transmission. 

To implement the principle of post-printing develop- 
mentt the film coating is matched to the inks to achieve a 
dye transport mechanism similar to thin-iayer chromatog- 



raphy. The dot growth is control )ed by evaporation and 
absorption of the ink vehicle after imaging. Once the ink 
vehicle concentration In the coating falls below a critical 
level, the transport of the dyes through the coating is halted. 

To use a protective sleeve with the film, yet allow it to 
dry as if it were in air, a sleeve was designed from a breath- 
able, clear plastic. This plastic absorbs and transmits mois- 
ture, and acts as a barrier to environmental changes, lead- 
ing to more uniform image development across a wider 
range of conditions than we would get from film dried in 
air alone. 

Because a special sleeve is required for this film, we 
decided to provide a sleeve with each sheet of film, as part 
of our commitment to providing the customer with a com- 
plete solution. This does not meet our initial aim of being 
able to store the film In any commercially available protec- 
tive sleeve, but it has allowed us to provide film that has 
both high image quality and good handling robustness, 
which was our primary goal. 
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Color Thermal Inkjet Printer Electronics 

The design objectives were to minimize part count while 
maximizing cost/ performance. 

by Jennie L Mollis, Philip C, Schultz, and Wifliam J. Walsh 



THE PAINTJET PRINTER PROJECT had to develop a 
low-cost, high-voiume product on an aggressive 
schedule. It was important that the product have a 
low part count and be easy to manufacture. For the elec- 
tronics, we needed a high level of integration, and wanted 
to select the cheapest parts that couJd do the joh. Flexibility 
was required, however, to fix the Inevitable development 
and production problems. We also needed to respond to 
changes in the product as more was learned about customer 
needs. Such changes could occur at any point before prod- 
uct introduction. 

When weighing design trade-offs, these were our main 
constraints* We would like to show how our constraints 
affected one particular area of the PaintJet electronics and 
firmware design, namely, some circuitry that was added 
to the PaintJet printer's custom chip to alleviate weaknesses 
in the microprocessor we chose. 

Pertonnance Requlremsnts 

The PaintJet printer was designed for a very high target 
production volume and there was a maximum cost target 
for the electronics. These two constraints suggested a very 
simple design, a minimal part counl, and automated assem- 
bly. Since low part count would not only aid design and 
assembly but also enhance reiiabiHty, eliminating parts 
became a primary focus. 

On the perfornmnce side, the printhead had to fire at 3 
kH^z. To achieve 180 dots per inch (dpi) across the printer's 
eight -inch width, firing forty nozzles (ten nozzles each in 
cyan, magenta, yellow, and black), 57.600 fire pulses must 
be sent to the pens each half-second. The commands being 
sent to the printer need to be converted to fire pulses with 
little or no delay in carriage motion. 

Design Alternatives 

Selection of d niicroprocessor became another focus of 
the design team. Using a general-purpose microprocessor 
can vastly reduce the quantity of discrete electronics re- 
quired. Because of the cost constraint, however, higher-per- 
formance processors fsuch as the Motorola 68000) were 
eliminated early on. 

We knew that the carriage servo would require some 
custom electronics for modulating the motor-drive signal 
(see **Low-Cost Serx-^o Design/' page 54). We also knew that 
a low-cost processor couldn't send each fire pulse to the 
head drivers at exactly the right microsecond. So adding 
a custom-designed VLSI chip to work with the micropro- 
cessor seemed to be the best way to meet our objectives. 

The main areas of this' custom chip were defined to be: 
servo motor support, dot -firing control, I/O support, and 
firmware support. The custom chip was named the Diaper 



chip. 

Firmware Support 

One firmware support feature of the Diaper is a three-byte 
barrel shifter. 

The first step in printing is to construct a RAM image of 
the swath of dots to be fired on the next pass of the carriage. 
At a resolution of 180 dpi and a width of 8 inches, this 
image is 1440 dots wide. Text [or black-and-white graphics) 
uses only the black printhead, which is thirty nozzles high. 
For color printing, forty nozzles are active, as explained 
earlier. So the swath buffer is thirty nozzles by 1440 dots 
per nozzle for black and white, or forty nozzles by 1440 
dots per nozzle for color. 

To print text at 12 characters per inch (cpi) requires a 
character bit map 15 dots wide and 30 dots tall. To build 

Firmware Aids 
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Fig. 1. Block diagram of the custom CMOS iO in the HP 
PaintJet Color Graphics Printer. 
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up the swath buffer, each of the 30 bit rows of a uharactRt 
needs to be "pasted" to the previous characters in the buf- 
fer. Since our RAM is organized in bytes, a bit -map row 
may have to be shifted before pasting, to maintain byte 
alignment. I'he worst case is a seven -dot shift, requiring a 
ihree-byte (fifteen dots plus seven dots) shifter. 

Only one of the low -cost processors being evaluated had 
accumulators wider than eight bits. For the others, shifting 
would have to be done in three parts, with hits passing 
from one byte to the next through the carry bit. And these 
bytes would have to be continually swapped in and out of 
the accumulator. This scheme resulted in unacceptable per- 
furmance* so a shifter was added to the Diaper. This shifter 
is also used in preparation for dot firing. 

There was a finite cost per gate in the design of the 
Diaper, and the number of input and output pads was lim- 
ited, so there had to be some value judgments concerning 
qosl, rmmber of gales, and performance. Based on a generic 
eight-bit prncessor, a preliminary interface be I ween the 
Diaper and the processor was roughed out. 

Two firmware tasks were chosen as being probable per- 
formance bottlenecks: sending fire data to the thermal ink- 
jet head dri vers^ and copying a character hit map from ROM 
to the RAM swath buffer. Assembly code for these tasks 
was written for each processor under consideration. Stan- 
dard benchmarks w^ere of little use since the tasks were so 
special ii^ed^ and because the Diaper chip could be counted 
on to fix specific problems. This code was hand -assembled, 
and the speed and size of the code were entered into the 
processor decision matrix along with the increased cost of 
the Diaper [because of firmware support], interfacing com- 
ponents required, availability of development tools, and 
vendor reliability. 

The Choices 

The combination chosen was an Intel 8032 micropro- 
cessor, an 8K-byte ROM, 8K bytes of RAM for the swath 
buffer, and the following circuits in the Diaper: 

■ A three-byte shifter 

■ A b>^e doubter 

■ A pixeiler for 2x2 superpixels and RGB-to-black map- 
ping 

■ Dot-firing support 

■ Servo motor support. 

The servo support circuit is described io the box on page 
54. This article will only touch on the dot-firing circuitry 
and the shifter. 

There were two main contenders for the custom chip 
technology: standard cell and full custom. Full custom de- 
signs are more flexible and have a lower per- piece price. 
But standard cell designs have a shorter lead time. So we 
did it both ways. 

The Diaper chip is a 5 000 -gate standard cell device. H 
was used in our prototype development since we couldn't 
wait for a full custom design. Once the Diaper was debugged, 
a full custom chip design (called the Spider) was begun. 
This is our production chip. Both chips are made by HP's 
Integrated Circuits Division using HP's CMOSH process 
technology. Fig. 1 shows a block diagram of the Spider chip. 

The Intel 8032 was chosen for several reasons, it was 
being used in the HP ColorPro plotter (HP 7440 Aj, under 



development at the same time. Some coding tools existed 
for the HP 64000 Logic Development System, ft was an 
easy chip to interface to the main board, requiring only 
+ 5V and an oscillator/resonator. Our 8032 l}otllenet;k bench- 
marks were the second fastest in perforniarn:e. Finally, the 
chip was the least costly by far, especially when purchased 
in volume with the ColorPro plotter. 

For contrast, another chip in the matrix was the NEC 
7809. The 7809 was unsupporled on standard code de- 
velopment systems, and it cost twice what the 8032 did. 
But it won the performance tests hands dowo^ especially 
before adding the shifter. (It has two accumulators, one of 
lb bits and one of 8 bits. Thus^ three bytes can be shifted 
around in two parts with no BCc:umuIator-to-RAM swap- 
ping.) Adding a .shifter to the Diaper diminished I he 7809's 
performance advantage. The aggressive schedule (under 
two years) precluded developing our own code develop- 
ment tools^ and t:ost was the final straw. 

The B032 is the KOMdess version of the B05Z. While our 
projected code si2:e was under the 805 2 *s 8K-byte limit, we 
t:hose to use the 8032. despite adding a ROM to the part 
count. Why? There was no EFKOM versii^n of the 8052. so 
prototype devehjpment would be difficoh. We wanted to 
avoid retooling the processor just to chajige the code, f Re- 
tooling a processor is more expensive and takes longer than 
changing a ROM or EPROM,) Also, we wanted to use the 
same part as the ColorPro plotter. 

We decided to add just enough functionality to the IJiapei 
to allow the 8032 to run at around 80% of its band^vidth 
while firing dots at the paper. This allowed 2t)^/t> for servo 
and 1/0 interrupts and future code fixes. Wrhile 20% margin 
may seem large, the servo interrupt was projetted to lake 
5%. To put this in perspective, no San Diego Division plot- 
ter servo had ever run at less than 25% bandwidth per axis. 
And this design was agreed to before a breadboard even 
existed. 

Changes 

Ovei the course of development, the flexibility of the 
design was tested many times. Because of the lead time 
and tooling cost of changes to the Spider, its design was 
frozen about a year and a half into the project. After that, 
our flexibility was limited to code and main-board changes. 

It should also be noted that all code was written in assem- 
bly language. No high-level languages were supported at the 
time we started, and the tight performanLe margins made 
size and speed scarce commodities from the beginning. 

New Character Fonts 

About a year before introduction, some of the character 
sets were chajtged from 15-dot-wide elite fonts to Id-dot- 
wide pica fonts {see Fig, 2). It was mentioned earlier that 
the Spider's shifter is only three bytes wide. Shifting an 
18-dot chaiacter seven bits would favor a 25-bit shifter. 
But the Spider design was frozen. 

In addition, the ROM storage required for pica character 
bit maps is 50% higher than for elite fonts, unless the 
characters are packed. Of course, unpacking slows the per- 
formance while printing. 

The compromise adopted was to pack only the bit rows 
that exceed 15 dots, to shift piece wise only if the character 
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bit row is 18 dots wide, and to limit downloaded cliaracters 
to the oHginal l5-dot width. (InGreasing the width of down- 
loadable characters would have required more RAM, which 
cost too much,) The design was flexible enough to allow 
this change with only small cost and perfonnaiice changes. 
The development effort was nontrJviaK but firmwai^ was 
far from the critical path. 

ROM and RAM Expansion 

The original design assumed code (ROM) requirements 
of 8K bytes, and 8K of RAM beyond what was Intern aJ to 
the 8032. It was decided that performance could be in- 
creased by having an SK I/O buffer in addition to the 8K 
swath bnffer. Particularly for full-page graphics, adding 
this buffer could dramatically increase throughput. This 
RAM is also used for implementing downloadable charac- 
ters, which was not on the original feature list. 

As development problems arose, we always attempted 
to fix them with firmware. Code added little or nothing to 
the final production cost, and didn't require any toolhig 
changes. And as more was learned about customer needs, 
product features were added. So the final product has a 
64K-byle EPRQM, with 34 K b\^es of character sets aione. 

Increasing code size beyond 64K b^les would have re- 
quired a paging scheme because of the 8032's addressing 
limits. Since the Spider was frozen, this would have added 
new parts to the main board. So the PaintJet printer's code 
limit was 64K bytes, 

EPROMs come in fixed sizes, and the sizes increase by 
powers of two. So if you have 9K of code, you jump from 
an 8K EPROM to a 16K chip. And then 32K. 64K, 128K. 
and so on. 



In general, the code was squeezed to stay within the 
current EPROM size. Then some "must have" feature 
would come along and justifv' the cost of doubling the 
ROM. The extra room would quickly fill up, since features 
and fixes could be added at no cost. Then it was titne to 
squeeze again ^ 

Since there was so little performance margin, the 
slightest addition could visibly affect throughput. Our gen- 
eral philosophy was to make the new' feature pay the per- 
formance penalty. For example, if down load able characters 
are used, the I/O buffer shrinks and the throughput goes 
down slightly. But if yon doD*t activate downloadable 
characters, the full 8K buffer and the top speed are avail- 
able. 

Having a flexible design made the expansion of RAM 
and ROM relatively straightfonvard. Changes to the Spider 
were not necessary. Implementing the new features in- 
creased code development time* but the lime wasavailab!e, 
and .substantial lunclionality was added. 

Additional I/O Options 

In the original design, the only I/O Interface to be offered 
was Centronics. )ust before freezing the Spider design, it 
was decided to add an HP-IB option. This had been antici- 
pated, so only minor changes were required. 

The 8032 has a built-in UART {universal asynchronous 
receiver/transmitter), which is used for RS-232-D input/out- 
put. But the UART output pins can be used for other pur- 
poses, and we were short of input/output pins, 11 was felt 
that the UART might be useful in setting up an intcrnai 
monifor for debugging in the environmental chambers, 
where we couldn't put all of our development tools. So we 
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Low- Cost Servo Design 



A5 a raster output device, the PaintJet printer differs from tts 

plotter predecessors in a nurnber of ways One unusual feature 
is tile opiicai encoder on the carnage axis. Tliis iinear, single- 
cliannel encoder provides carri.age position data that is used 
both to control the firing of drops from the inkjet prim cartridges 
and as feedbacl^ for the servo controJiing the carriage rrotton, 
Its design meets odiectives of high accuracy and low cost, but 
tntroduced problerrs for servo design and development The 
encoder and its impact on the PainUel servo are described here. 

The PaintJet encoder is designed to delfver high measurement 
accuracy and low hardware cost. It consists of an encoder unit. 
a linear scale, and a special circuit called the extrapolator. The 
encoder unit is a pair of injection-molded plastic parts whtch 
hold an infrared detector, an aperture pi ate. and an emitter. The 
scaEe. shown in Feq. 1 , ps made of clear polyester film with a 
photographicafly produced pattern of opaque bands. The scale 
mounts to the PaintJet chassis parallel to the carriage axis and 
passes between the emitter and detector in the encoder unrt, 
whtch rides on the carriage. Carriage motion is encoded by the 
detector as a logic signal representing the presence or absence 
of an opaque band between it and the emitter. Only the falling 
edges, or lighi-to-darl^ transitions, are decoded Theextrapotator 
is a circuit that operates on the detector output in a way that 
multiplies the effective scale resolution It keeps track of time 
between the last two encoder transitions and uses this value to 
insert up to three additional transitions foitowing the most recent 
one. If the carnage speed is held constant the extrapolated data 
is very close to thai of a scale with four limes the resolution. This 
allows the use of a low-resotution scale, which in turn allows the 
use of lower-performance, less expensive optoelectronic parts. 
Accurate photographic production of the scale and direct mea- 
surement of the carriage position also contribute to low cost and 
high accuracy. 

In servo architecture, the PaintJet printer shows some siniifarity 
wrtb its plotter cousins. The carriage is driven by a dc motor via 
a pulley and a timing belt. The PaintJet printer's custom IC (see 
accompanying article) extrapolates the encoder data as de- 
scribed above and decodes it into a position word. This is read 
by the pnnter's processor, in whfch the loop is closed and a 
control word is generated. The processor writes this back to the 
custom IC where a pulse width modulator converts it to a signal 
controlling a motor driver IC, which forces the dc motor with a 
voltage. The main difference from plotters is Ihe PaintJet encoder. 
Its single-channel output limits decoding to simply counting tran- 
sitions, with no measurement of the direction of motion as in a 
quadrature encoder. As a result, the position of a velocity sign 
change is uncertain and a position measurement error results, 
Potentially, this creates a problem each time rhe carriage re- 
verses its direction at the end of a sweep. To overcome this, 
opaque bands wider than the normal scale pattern are added 
to the encoder scale (see Fig. 1) to serve as absolute position 
references. These reference bands mark the limits of the printing 
area and the carriage sweep area, and can be detected in the 
encoder signal with firmware. The phniiimit band is also detected 
by a circuit in the custom IC. which in turn signals the drop firing 
hardware to begm printing on the next valid encoder transition. 

These encoder limitations complicate the servo that controls 
carriage motion. The primary controt objectives are regulation of 
carriage speed while printing and adequate transient response 
while reversing after a sweep. While printing, speed is regulated 
by a position controller with velocity feedback. The control law 



can be expressed in the form: 



U„ = 



Kp(Rn 



XJ - MX, - X,_,)/T, 



where 



Ur, = motor voltage at time tp 

n^= reference position 
Xn = measured position 
(Xn - Xn_ i)/T = estimated velocity 



K 



-- positron gain 
■ velocity gain. 



A reference speed Is set by ramping the reference position at 
a constant rate. The position bop guarantees a steady-state 
speed error of zero, This control law is also used in part to reverse 
carriage velocity by profiling the position reference. The print 
and sweep limit bands complicate this by introducing errors into 
the feedback signal. To compensate for this, algorithms in the 
servo firmware detect the limit bands and open the loop. Addi- 
tional algorithms ad|iJSE control parameters depending on which 
gap is involved and whether it is the beginning or end of a sweep. 
The loop is reclosed upon exiting a limit band. 

Design of the carriage servo containing these algorithms re- 
quired explicit solution of the velocity response. Root locus de- 
sign was used lo determine gain values in the above control law 
that would provide desired response charac ten sties away from 
the effects of the limit bands. In and immediately following the 
limit bands the response is best characterized through explicit 
solution because of interaction of the open-loop compensations 
wiih the control law. A simulator was written to compute the 
sen/o's response numehcally under these conditions to aid in 
algohthm design. Implemented in BASIC on an HP 9000 fVlodel 
216 Computer, the simulator is built around a dynamic model of 
the carriage axis. This model is a matrix difference equation 
forced with voltage and Coulomb fhction and having motor cur- 
rent and carriage velocity and position as states. Models of the 
PaintJet encoder, extrapolator. and pulse width modulator are 
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Fig. 1 , PaintJet printer iow-cosl encoder scale- 
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added to ttris. Ihe rasuK ts a bkDck that accepts a digital control 
word ai>d returns a position word as in ilia hardware architecture 
described above A second block contaif^ a software stale 
machine in wh^ch Ihe conirol law reference generaiion, and limit 
band compensations are implemented This block reads the po 
sitiofi word from tfie first block and writes a control word back, 
which IS also analogous to the hardware architecture Confidence 
in simulated responses «s gained by vehfication of the car r^ age 
axjs mode! against measured responses rn prototype hardware 
and by numerical equivalence between servo software in the 
simulator and firmware in the product. As a design too! the 
simufatof albws tracking of a large number of variables over a 
wide range ol mode! parameters Jh\s was very helpful tn the 
deveiopment and worst-^ase verification of ihe carriage servo. 
m particular the limit band algorithms 

Testing of the carnage sen/o was also affected by the limita- 
tions of the PaintJet encoder. Compensatron for the limit bands 
increased firmware complexity both in Ihe number of algorithms 
and in the potential for interaction Some servo failures occurred 
only after effects had rippled through several algorithms. In these 
cases, toofs providing traceability back to the initiat cause were 
needed. This was obtained with two tools One is called the servo 
snapshot. At each servo interrupt it writes values of the servo 
firmware state pointer, the posilion error, and the last position 
change into a circular buffer in the printers RAW, f! a failure 
occurs, the servo interrupts stop and the data is frozen. It can 
be read out through the I/O or printed out by the PaintJet printer 



if the failure was soft, and provides a picture of the servo s be- 
havior leading up to the failure The second tool ts the encoder 
monrtor, whjch is an external board that times the penod of suc- 
cessive falling edges in the encoder signal The storage of these 
values into a circular buffer is driven by encoder trans ritons which 
stop in a failure. In this case the data can be read and reduced 
to a pkjt of carriage speed versus posttion Because these two 
tools sample aidiffefent p<^nts m the hardware and one is internal 
while the other is external, ihey complemented one another very 
well They were very useful in determining if a failure was 
hardware or firmware driven and where the problem started 

In summary, servo hardware cost in the PatntJet printer was 
lowered at the expense of additJonal complexFty in the servo 
firmware and Ihe custom IC The simulator and debug fools were 
essentia! ingredients tn devefoping a servo around the PaintJet 
encoder The servo has very been reliable in production. 
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decided to reserve those pins as long as we could. 

Eighteen months before introduction, an RS-232-D op- 
tion was requested. The Spider's design had been frozen 
long before. Fortunately, we still had the UART pins avail- 
able, so no change to the Spider was necessary. The design 
of the RS-232-D main hoard was straightforw^ard. We were 
able to keep the three main boards the same, except for 
one corner dedicated to the I/O connector and support 
chipSn This also allows the use of a single board tester. 

The main problem was performance. Reception of data 
at 19.2 kilobaud while firing the heads would result in the 
loss of either bytes or dots. Since the processor just didn't 
have any spare cycles, 19.2 kilobaud was impossible* 

Even at 9600 haud. interrupts could n*t be locked out for 
more than a millisecond or bytes could he lost. This had 
been one of our main speed boosters. Therefore, a substan- 
tial amount of code had to be reworked, in addition to 
adding the KS-232-D code. 

There is only one version of firmware* even though there 
are multiple main boards. The code checks to see which 
board it has been plugged into, and acts appropriately. This 
aids in assembly, purchasing, and version control Of 
course, it made pin allocation during the design phase a 
little more difficult. 

Nozzle Heating and Spitting 

As mentioned in other articles, nozzle clogs can develop 
at low temperatures or when a nox?;le has been idle for 
some time. Viscous plugs can form because of evaporation 
or Iow4emperalure thickening of the dye-carrying agent. 
Some means of automatically detecting and removing these 
plugs was desired. 

The dot-firing mechanism of the Spider is designed to 
be flexible. We had no idea what the final parameters of 



the firing pulse would be. So most of these parameters 
fpulse on time and off time, for example) are set by the 
microprocessor. There is a temperature-sensing device on 
the carriage so we can determine whether the temperature 
is above or below some threshold value. Adding this capa- 
bility required only a minor change to the main hoard. 

Much work was done by the pen group to profile nozzle 
performance at various temperatures, idle times, and ratios 
of dye to carrier We wished to incorporate as much of this 
knowledge into the code as we could. While it would have 
been nice to log the use of each nozzle, we had neither the 




Fig. 3. The firmware tracks idle time End fires each noiile 
into a cube of absorbent pulp cafteda spfttoon to dear viscous 
piugs before pnniing begins. 
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processor power nor the RAM for keeping track of every- 
thing. We had no way of detecting plugs, either. What 
emerged was a scheme that tracks carriage idle time and 
lemperature, and uses a spittoon, 

A cube of absorbent pulp is glued to the chassis near the 
right sprocket assembly. This cube functions as a spittoon 
(see Fig. 3). Printing is interrupted every five minutes by 
firing each nozzfe Into the spittoon. This prevents viscous 
plugs from forming. And if the machine is ever idle for 
over half an hour, the idle time and current lemperature 
are used to determine whether the noz/Aes need to be heated 
and how many drops will be required to clear plugged 
nozzles, (The PaintJet printer has a "soft" power button. 
As long as the machine is plugged in, the processor is 
running. Thus, idle time can be tracked, even when the 
machine is off.] 

Fens are heated by defining a firing pulse width so small 
that it doesn't create enough force to eject a drop from the 
nozzle. Several diousand of the.se pulses can be fired in a 
second, heating the ink in the no/./Ae considerably. This 
loosens viscous plugs. Heating can be done without moving 
the carriage, since the Spider provides a manual fire mode. 
[Spitting uses the encoder-based fire mode and normal 
pulse widths) 

This is perhaps the best example of how the design was 
altered to fix an unanticipated problem* The electronics 
didn't change^ the spittoon itself was cheap, and the ROM 
required was small. The development and implementation 
of the antiplug model took a fair amount of development 
effort, but the schedule was not affected* 

In Hindsight .,« 

What would we do differently now? When designing the 
Diaper (standard cell), we had no idea how many gates 
would fit into the Spider (full custom]. So anything that 
could save a gate or two looked good. One gate-saving 
shortcut was to mix synchronous and asynchronous cir- 
cuits in the chip. This was a debugging nightmare. Any 
time a problem showed up, the timing of the circuit in 
question had to be checked laboriously. Even if it checked 
outf we were never quite sure we'd thought of all the pos- 
sible races. Adding logic to the chip to aid design verifica- 
titm would have helped, too. 



The main headache, though, was the acknowledge timing 
for the dot-firing portion of the Spider. As stated earlier, 
the Spider takes care of firing forty nozzles at a time. So 
the 8032 prepares a forty-nozzle batch and hands it off to 
the Spider for firing. 

There are three timing constraints in communicating 
with the Spider's firing circuits. Every nibble of dot data 
(four dots) must be prepared within 2400 ^s for all forty 
no^xles. (The plxeller works with nibbles, and is used in 
the preparation of dot data.) Dot interrupts from the Spider 
must be acknowledged by the 8032 within 300 jus. These 
interrupts occur every 600 fjs, worst case. And dot data 
must be loaded into the Spider every 600 fis. If any of these 
window^s is missed, some dots won't show up on the paper. 

While the 300-^s and 2400-^s windows are tij^ht, we 
never really humped into those limits. The dot loading was 
another matter. Although the servo interrupt only takes 5% 
of the processor's time, it is a 220- fis interrupt ever>^ 5 ms. 
The I/O interrupt can interfere, since its priority is equal 
to the dot interrupts. The worst-case 1/0 interrupt is the 
RS-232-D routine, at around 90 ^, and the code to prepare 
and load the dots needs around 300 je/s. These routines 
were constantly being modified for more speed, resulting 
in some loss of code elegance. Adding gates to buffer dot 
pairs (or quads) would have been helpful, since we could 
have loaded less frequently, but this is a significant number 
of gates. 

The Bottom Line 

While parts of the design are not elegant, it meets the 
objectives we set for it. The final electronics cost is within 
acceptable limits, the main board is assembled on an auto- 
mated line, and the performance meets our design goals. 

Flexibility /cost trade-offs present some truly challenging 
choices to an engineer. We hope that we have illustrated 
one way of tackling such a design. 
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HP-RL: An Expert Systems Language 

HP'RL is an integrated set of artificial intelligence 
programming tools that has been used at HP for many types 
of expert systems experiments. 

by Steven T. Rosenberg 



FOR SEWRAL \^ARS, the expert systems depart - 
meDt of HP Laboratories Investigated knowledge rep- 
resentation and reasoning techniques in artificial 
intelligence (AI). One of the vv^ays we approached this was 
through the constTuction. of an expert systems language 
called HP-RL (He^vlett-Packard Representation Language). 
Our goal has been to create a powerful and integrated col- 
lection of tools that is usable over a wide range of applica- 
tion domains, 

FIP-RL is now a mature experimentt and work on it has 
come to an eruL Much of the research involving applica- 
tions has already been published. This paper complements 
previous articles describing applications in whose develop- 
ment HP-RL played a part and presents a retrospective look 
at the HP-RL research effort. 

HP"RL has been supported in the past for experimental 
use by interested projects within HP, and has been distrib- 
uted to selected participants in HP's U.S.SSO.OOO.OOO Uni- 
versity Strategic Grants prtigram, where it has been used 
in teaching graduate students and as an aid In research. 
Over the years, groups at HP Laboratories and HP divisions 
have used HP-RL to construct a variety of applications 
including smart software tools. ^ intelligent instrumenta- 
tion/ and natural language processing/* Fig. 1 shows a 
partial list of the types of HP-RL-based expert systems ex- 
periments conducted at HP. We have used the feedback 
from these experiments to evolve the language to its final 
state. In addition^ through the University Strategic Grants 
program, we received feedback from external users over a 
different range of uses. The result of this engineering loop 
has been the evolution of a robust and powerful expert 
systems technology that has been applied to a wide range 
of problem areas of interest to HP. Although HP-RL is a com- 
pleted experiment, the increased availability of third-party 
tools and HP Prolog on the HP 9000 Series 300 Computers 
provides a variety of commercially available tools for those 
who wish to experiment with expert systems technology. 
Expert systems languages such as HP-RL are part of an 
evolution in computer science to increasingly higher-level 
programming languages. Expert systems programming is 
characterized by the attempt to take maximum advantage 
of the knowledge and problem-solving skills of human ex- 
perts. Consequently, expert systems programming lan- 
guages are designed to simplify the task of translating an 
expert's knowledge into computer-usable form. The goal 
is to raise the level of description possible in languages 
such as C or Pascal through the use of various constructs 
for knowledge representation and reasoning. 



HP-RL is an example of a modern high -end, frame- based 
integrated expert systems look Commercial products with 
similar functionality include ART. KEE. Know^edgeCraft, 
and GoldWorks. Today, integrated knovi ledge representa- 
tion and reasoning tools are the predominant paradigm for 
expert systems applications. Frame-based solutions to pro- 
viding this integration have been the most favored and 
widely used approach. HP-RL is one of many expert sys- 
tems languages that have emerged in recent years as useful 
tools for supporting the develppnieut of expert systems 
applications. 

HP-RL contains a frame-based component to support 
knowledge representation, a rule-based component to sup- 
port reasoning, and a powerful query language. It supports 
a range of functionality and a variety of programming styles. 
For example, frames [the basic unit used in knowledge 
representation) support message passuig that is consistent 
with object-oriented programming in Common Lisp, and 
the rule-based inference engine supports both backward 
chaining and forward chaining reasoning paradigms. In 
addition, a great deal of customization and modulari/alion 
is possible, The frame-based knowledge representation 
component can be loaded and used wulhout the rule-based 
inference engine. The user has the ability to declare away 
functionality to customize a simpler, more convenient sys- 
tem- On the othcjr hand, the user can also customize a more 
sophisticated scjlution. For instance, the user can define 
an individual algorithm for inheritance to control the use 
of abstraction hierarchies in the knowledge representation 
component, and can also define an individual strategy for 
controlling reasoning. 

A part of our philosophy has been that an experienced 
programmer needs a variety of programming tools, some 
of which are expert systems tools, while others are more 
conventional programming tools. Like a craftsman, the pro- 
grammer needs the flexiblity of choosing which tools to 
use for a particular tasL While HP-RL can futu.lioii as an 
expert systems programming shell, we prefer the toolbox 
metaphor, in which various tools from the expert systems 
draw^er can be readily intermixed with Common Lisp, ob- 
ject-oriented programming in Common Lisp, or conven- 

HP-HL ApptEcations 

# Smart Instruments 

# FaLrEt DiagnO£Js 

S Natural Language Processing 

# Software Analysis 

9 Integrated Circuit De^rgn and Manufacturing 

Fig. 1. Partial list of Ihe types of expert systems expeaments 
based on HP-RL that have been conducted at HP. 
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tional programming languages* Historically, most of the 
applications built using HP-RL have been heterogeneous 
in nature , so ou r toolbox approach has proven to be fr u i tf u 1 . 

History 

Frame representation languages were first developed in 
the mid-1970s in response to attempts to apply expert sys- 
tems techniques to areas where knowledge is richly struc- 
tured. Previous research had often fouused on tasks that 
emphasized reasoning strategies, w^bich in turn used sim- 
pler types of knowledge bases. HP-RL is a third -generation 
expert systems language. It is based on the notion of frames 
as the fundamental data structure for know^ledge represen- 
tation. Frames were first described in a paper by Marvin 
Minsky in 1975.'* HP-RL and other frame- based languages 
are the result of over a decade of development. 

Minsky^s theory of frames was first embodied in lan- 
guages like FRL,^ a precursor frame representation language 
developed at MIT in 1977. Two major developments that 
distinguish FRL from HP-RL are that FRL did not support 
reasoning, and that FRL was built around a straightforward 
and simple implementation model. A simple implementa- 
tion allowed users to experiment readily with the language, 
modifying features to suit their needs wi\h a minimum of 
effort. The cost, however, was a relatively inefficient lan- 
guage. In the early 1980s, while working at the Lawrence 
Berkeley L^^boratory, Douglas Lanam and I extended FRL 
to include simple tools to support reasoning.*^ The earliest 
version of HP-RL ^ was created at HP Laboratories in 1982- 
83 from the preceding FRL version. In this implementation, 
attention was paid to improving effi^ciency and increasing 
the power of the reasoning component so that the knowl- 
edge representation and reasoning components were of 
equal levels of utility- 

This version of HP-RL was successfully used within HP 
Laboratories and HP divisions for a variety of projects. 
Among other examples, it served as the vehicle for pro- 
totyping systems knowm internally as PLATO and AID A, 
PLATO^ is an expert system that interprets low-resolulion 
mass spectra, infrared spectra, and other user-supplied in- 
formation, and produces a list of the functional groups 
present in an unknown organic compound. AIDA** is a 
prototype of an intelligent HP 3000 core dump analyzer. 
This early v^ersion of HP-RL was also used to support sev- 
eral of the demonstration applications that were shown at 
the ninth International |oinl Conference on Artificial Intel- 
ligence in 1985 to launch HP's AI Workstation product,^ 
In addition, it was delivered to several universities. At the 
University of California at Berkeley, it w^as used in two 
master's theses on CAD.^°^^ 

In 1984-86 we created the next generation of HP-RL. The 
language was reimplemented to allow for greater space and 
run -time efficiency. The syntax was redefined for greater 
clarity and elegance of expression, and the knowledge rep- 
resent <it ion component w^as refined and extended, based 
on feedback from previous applications. The powder of the 
reasoning component was also refined and extended 
further. Support for the merger of frames and objects was 
added by providing message passing for frames. The user 
was given more control over the trade-offs betv;een effi- 
ciency and functionality, allowing a range of choices from 



a rich but slow prototyping environment to a faster, leaner 
run-time environment. This version has supported the de- 
velopment of the Photolithography Advisor and Micro- 
Scope, among oilier applications. The Photolithography 
Advisor ^^ is an expert system that diagnoses process errors 
causing defects in the manufacturing of integrated circuits. 
MicroScope^ is a knowledge-based tool designed to assist 
programmers in developing an understanding of the design 
and structure of large software programs. 

An Example 

To give the flavor of HP-RL. it is worthwhile to look at 
an extended example. HP-RL consists of three main compo- 
nents. These are a frame system for representing knowl- 
edge* a query language for asking quest ions ^ and an infer- 
ence engine for reasoning over the knowledge base. The 
following example briefly illustrates some of the features 
of each of these components to provide a feel for their 
usefulness. The example shows how software can be de- 
scribed With a frame system, how this description can then 
be used to generate answers to questions, how questions 
can be embodied in rules so that they can he reused, and 
how the use of rules allows us to deduce the answ^ers to 
more complex questions. 

The example is patterned after our intelligent software 
analysis tool, Micro Scope, ^ but is deliberately simplified. 
While it is illustrative of how MicroScope works, it is not 
drawn from actual t:ode. A knowledge base of a program's 
structure and components is created using frames. Fig. 2 
shows how information about a typical function is rep- 
resented as a frame. The frame is a cluster of information 
about a single software component, in this case, Procedure- 
1. Various features of the function, such as which variables 
it sets, which functions call it* which module it belongs 
to, or whether it is good-quality code, are all combined in 
the frame. Thus frames provide the basic mechanism for 
representing and describing code. 

Besides describing individual entities, the task of knowl- 
edge representation often involves representing relations 
among entities. This may involve representing organiza- 
tional or structural relationships. Forinslancen MicroScope 
creates descriptions of programs. These descriptions are 



Procedure- 1 

Name: Dtsptay-Proriipt 
Modute: Brov«seri.»l 
Uses: 

Usecf by: 

Vam-Set: 

Aiilhof r John Doe 

Write-D«ta 12-10-85 

Qyality: Good 



VarL8ble-34 
Kame; Left Justify 
Type: Booleen 
Global?: T 



Proceduie-IO 

Kame: Pad-witlvBrankB 
IModule: General-Oytpuis.5l 

USBSl 

y«ed-by: i 

Vafs-Set: 



Vanable-88 
Name: BSank^^unt 
Type: Bnieger 
Global?: NIL 



Fig. 2. A stngte function. Procedure- U represented as a 
frame, with its relationships to other frames. 
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About HP-RL 



HP-RL r$ an expert systems construaion tool, intef^ded for use 
on a personal workstation, such as the HP 9000 Series 300 work- 
stations, Expert systems are gaining increasing popularity as a 
method of auiomaiing lechmcai and whue-coiiar sk(Hs. They are 
a means of extending a scarce resource, namely tiuman skril 
and expertise, by "cloning ' it in a computer program — an expert 
system Among the mapr areas for wtiich commerciai expert 
systems appHcations are being devetoped are: fault diagnoses. 
intelligent stgnai interpretation, computer-aided work, compuler- 
aided design, and financial appHcations 

Expert systems languages are looEs designed io make the 
construcnon of expert systems applications easier, through the 
use ot constructs for organizing knowledge and reasoning about 
it. Typicai high-end tools, such as HP-RL consist of three com- 
ponents (Fig. 1): 
B A knowledge representation component for organizing a 

knowledge base of information 
n A reasoning component, which solves problems using the 

information in the knowledge base 
■ A query language for accessing infomiation tn that knowledge 

base 

In HP-RL the knowledge representation component is frame- 
based, A frame is similar to a record in Pascal. It allows the 
clustering of information common to a concept in a single data 
structure through the use of a structured description. Frames go 
beyond simple records by providing advanced features such as 
abstraction hierarchies and inhentance, In addition, frames can 
have active procedural components for computing values and 
achieving side effects. The collection of frames used to represent 
the knowledge concerning the task we are applying the expert 
system to is referred to as the knowledge base. 

The reasoning component m HP-RL consists of a data base 
of rutes (called the rule base), together with a rule interpreter, 
which applies these rules to the knowledge base to deduce new 
facts Rules in HP-RL are modular if-then statements, which ex- 
press logical implications (eg , "If Socrates is a man. then Soc- 
rates is mortal ■) The rule interpreter uses the rules fn conjunction 
with known facts from the knowledge base, and deduces new 
facts. The query language is used to extract information from 
the knowledge base These queries can also be used to invoke 
reasoning, causing the deduction of new facts needed to answer 
questions. A rich query language aflows us to ask interesting 
questions. 



Query Language 
"Is Socrates mcirtal?" 



Knowledge 
Base 



Socralet 

Is a man. 



^ ^ 



Rule 8as« 



H 7X li A m«o, 

ttien ?X 

l9 moftftL 



Rule Interpreter 



Rg. 1 . HP-RL consists of a knowledge fepresentation com- 
ponent or knowledge base, a reasoning component or rule 
dase, and a query ianguage. 



represented as a set of relatioDS among the frames describ- 
ing the individual procedure and other components of the 
program. For example, in Fig, 2, we can also see how Pro- 
cedure-! is linked to other functions and to the program 
variables. PTocedure-1 oses Procedure- 10. We also record 
that Procedure- 10 is used by Procedure- 1. Links also exist 
to the variables that are set. We exploit the frame descrip- 
tions we hav-e created of the tndhiidoal program compo- 
nents to create a descriplion of the structure of the program. 

Frames are organized in an abstraction hierarchy. Abstrac- 
tion hierarchies are one of the principal means used to 
achieve economy of description and conceptual clarity in 
a fmme system for knowledge representation. An abstrac- 
tion hierarchy allows us to represent information caramon 
to many entities in a single location. This means that the 
values associated with frame descriptions are stored at the 
highest level of geceraiity. These values can then be inher- 
ited» For example, Fig, 3 shows a hypothetical abstraction 
hierarchy for MicroScope concepts. We can see that 
routines are broken dow^n into types » methods, procedures, 
and so on. Information common to routines in general is 
stored on the routine frame. Thus informaLion common to 
a class or conceptual category is stored just once, on the 
frame representing that class. Information specific to the 
various subframes, such as the procedure frame> is stored 
there. The frame describing Procedure-! can now be seen 
as a specific instance of the procedure class* which in turn 
is a subclass of the routine class. 

Through the mechanism of inheritance, values and pro- 
cedures common to a class are made available to appro- 
priate subentities. Abstraction hierarchies provide an ele- 
gant way to share common Information. For many applica- 
tions they provide a very natural way to group knowledge 
and organize concepts. HP-RL supports powerful exten- 
sions to simple inheritance of single values. For instance, 
HP-RL supports the inheritance of multiple values as- 
sociated with a feature of a class, as well as multiple inheri- 
tance [i.e.. an abstraction hierarchy in which a class can 
have multiple parents), HP-RL also supports higher-order 
classes, which allow more complex descriptions to be con- 
structed. Higher-order classes allow the user to describe 
t h e a i) s t ra c I i u n h i era f ch y i ts e If t hrough h i gh er- ord er clas s es 




Procedyra^ 



Fig* 3, A hypothetfcai abstraction hiBrafcfiy for an expert 
systerTr called f\AicroScope 
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whose members are the classes of the abstraction hierarchy. 

Frame languages contain mechanisms that ailow frames 
to be more than records. For instance, they can contain 
active values that compute a current value with each re- 
quest, in particular^ HP-RL provides several kinds of pro- 
cedural attachment 5> lor frames, such as methods and differ- 
ent types of daemons. These can be used to do side-effect 
programming, meintain consistency in the knowledge base, 
and determine values dynamically. Procedural attach- 
ments can also be inherited. 

Fig* 4 shows how one kind of attachment, a daemon, can 
be used to maintain consistency in a MicroScope knowl- 
edge base by automatically calculating and recording in- 
verse links. Here we see two procedures, Procedure! 2 and 
Procedure-54. A daemon watches the Uses slot of these 
procedures. If a value is added to the Uses slot of Procedure- 
12, namely that Procedure-lZ uses Procedure-54> the 
daemon wull recognize this fact. The daemon then finishes 
the job by calculating that the correct value for Procedure- 
54's Used-by slot is Procedure-lZ. This value is automati- 
cally added by the daemon. Daemons can be inherited. The 
daemon illustrated in this example w^ould he stored on the 
frame defining a routine. It will then be available to all 
types of routines we bave defined, such as methods and 
procedures, through inheritance. The actual daemon exists 
in only a single copy, but is made available to all appro- 
priate entities and applied when relevant. 

Knowledge representation can be difficult. Depending 
on the task J it is not alw^ays easy to decide on the right 
organization and description of knowledge. We can think 
of this task as analogous to designing a data base. Construct- 
ing^ the knowledge liase is then similar to depositing data 
in a data base. However, once this is done, how do we 
make effective use of our knowledge basey For instance, 
once we have created descriptions of code in MicroScope, 
how^ do w^e use tbem? We can, of course, programmatically 
access the information stored on particular frames. Within 
an expert systems language such as HP-RL^ another way 
we can make use of our knowledge base is by using a query 
language. If we think of a knowledge base as analogous to 



Two frames describe 
Proc^ure3-12 and -54 



Procedure- 12 uses 
Procedure- 54 is 
asserted 



Daemon automatfcalty 
adds the fact that 
Procedure-54 is 
used by Procedure-l2 



Procedure- 12 
Name: PrompI 
Urns: 
U«8d-bv: 



Proctdur^12 
Name: Prompt 



PfOC«dtire^12 

Name: Prompl 

Uud-ljy: 



Proc«dur«-&4 
Namer Wrfla-C 
Urns- 
Uaed-by; 



Pr(>c8durt<'54 
Name: Write-C 
U^s: 



Procedure* 54 

Harm: Write-C 
Uses: 



Rg, 4, A daemon ts one kind of attaGhment for frames Tins 
emmple shows how a daemon can be used to maintain con- 
sistency in a knowledge base. 



Knowledge Base Queries 

SImpfe Queries 

Find all procedures used by Procedure-I. 
(Solve-All (;procedure-l; Uses ?X)| 

Find all Variables whose data type is Vector. 
(SoWe-AII (?Var Type Vector)) 

Find all relationships between any procedure and the 
variable Var-4S. 
(Solve^AII (? Procedure TRelatlon {Var-45})) 

Complex Query 

Example Query to Rnd Dead Code; 

Find ajl mternal procedures that are not called by any 
other procedures^ 
(Solve All 
(AND 
(NOT (Some ?Caller) 

(?t Called -by ?Caller}} 
(?f Exported NIL))) 

Fig, 5. Examples of questions that can be asked using the 
HP-RL query ianguage. 

a data base, then a query in HP-RL can be thought of as 
similar to a data base query. 

One ol the tasks wr will want to accomplish in analyzing 
the program structure is to ask questions about the program 
description we have created. HP-RL provides a query lan- 
guage tliat makes this easy to do. For instance, in Fig, 5 
we see examples of some of the simple questions we can 
ask using the query language. These queries can be embed- 
ded in code analysis programs that need this information. 

These queries are fairly straightfnrw^ard. HP-RL also pro- 
vides a rich set of canstrucls that allow a user to compose 
[11 ore complex queries. For example, the query in Fig. 5 to 
find dead code makes use of the logical operators AND and 
NOT. A query similar to this has been used by MicroScope 
to identify dead code in an impk^mentatluo of Portable 
Standard Lisp J ^ HP-KL also provides procedural escapes 
so that programmatic computations can be embedded 
within a query. 

A problem with queries, how^ever. Is that they must be 
regenerated each time we need the information. The ques- 
tions are not reusal)le. Of course, if w^e have embedded a 
query in some code it can be reused, but then its use may 
be restricted to ju^^ the routine that executes that query. 
We can make queries more useful by turning them into 
rules. As rules they can be used in answering questions 
posed by users, by programs, or by other rules. For example, 
Fig. 6 shows how our earlier query would look as a rule 
for finding dead code. 

A rule is represented as a piece of knowledge in the 
knowledge base, HP-RL contains a nde interpreter, which 
understands how to use rules to answer questions. Because 
rules are stored In the knowdedge base, they are not ephem- 
eral, and can be used whenever net:essary. This rule is an 
example of a backward chaining rule. If the premise of the 
rule is true, namely that "An Internal procedure is not 
called by any other procedure," then w^e are able to con- 
clude that the "then" portion of the rule, "It is a piece of 
dead code,'' is also true. 

Individual rules work to determine answers to questions 
that are not directly answerable by the lookup of values* 



60 HEWLETT-PACKARD JOURMAL AUGUST m88 



)Copr. 1949-1998 Hewlett-Packard Co. 



Thus our rule answered the question, **Is there dead code?/' 
for which no answer was directly recorded. It did this by 
asking a question for which the answer could be found, 

namely, "Are there internal procedures that are not called 
by any other procedure?" Notice that our rules use vari- 
ables. This allows us to answer a wide range of questions 
using the same rule. For instance: **Is procedure X dead?." 
or 'is there a procedure that is dead?/" or ''What are ail 
the procedures that are dead?" are all questions that this 
rule might be invoked to help answer. 

Suppose there were many different kinds of bad code. 
We could have several different rules that each knew one 
answer to the question. By giving a single quer%' , we could 
get all the answers, without having to ask all the specific 
questions embodied in the rules. Fig, 7 illustrates this. 
Queries are able to invoke rules. Rules are able to work 
together, in a process called backward chaining, so thai 
one rule asks questions that another rule is able to help 
answer. 

A query can invoke all rules that match its pattern. This 
is how^ a single query can cause several rules to provide 
answers* For example, in Fig, 7, the single query "is there 
bad code?" matches against the conclusions of Rules L 2. 
and 4. Individual rules can invoke other rules through the 
process of backward chaining. This essentially means that 
if a rule's premise is unknown, than that premise Is turned 
into a query in the hope that other rules are available that 
can provide I he answer. For instance, Rule 2 needs to know 
whether a bug is minor or not. Rule 3 provides the answer 
to this question. 

HP-RL also provides a host of other features for reasoning. 
For instance, forward chaining rules add new facts 
whenever their premises are true. These rttles are useful 
in data-driven programming. For example, rule 5 in Fig. 7 
is a forward chaining nde. It will succeed w^henever data 
is added to the knowledge base concerning a code module 
whose quality is bad. When this case happens, rule 5 prints 
out the name of the module {;onlaining the bad code. This 
means that whenever rules 1.2. or 4 succeed and add new 
information about bad code modules to ihe knowledge 
base, rule 5 will print duI the name of the module. 

The Language 

Our goiil in developing the final generation of HP-RL 
was to create an industrial -strength tool for ctmstructing 
expert systems. The term "industrial-strength'^ means that 
we wish to maximize the range of suitable applications 



Knovii ledge Base Iftferenclng 

Example Rtite to Infer Dead Code: 

If an internal procedure is not called bv any other 
procedure. Ihen conclude that It is a piece of dead code, 
(Defme-Backward-Rule Dead-Code 
{Premise 
(AND 
{NOT (Some ?Caller) 

(?f Cailed-by- ?Caller}J 
(?f Exported NIL))) 
(Conclusion 
(?f Attribute Dead-Code))) 



Fig, 6. Queries can be turned inio rules. Here (s how the 
complex query ofFtg. 5 looks as a rate for finding dead code. 



while minimizing the cost of developing and running these 
applications. These goals can be achieved through satisfy- 
ing a corresponding set of design conslraints. We \vi\\ 
maximize the range of suitable applications by maximizing 
the expressive power of the language. We will minimize 
development costs by maximizing the usabilitj^ of HP-RL. 
Finally, we will minimize rmi*time costs by maximizing 
the efficiency of the language* 

The expressibilit^- of a language determines what it is 
possible to say in ihat language, and as a result, what prob- 
lems can be solved. For example, without the expressive 
power of arithmetic, problems involving nxmieric calcula- 
tions could no( be attempted. For an expert systems lan- 
guage, questions of expressive power involve the scope of 
the knowledge representation and reasoning tools. For 
example, first- order logic provides considerable expressive 
power for symbolic reasoning. 

UsabiJily refers to how easy the language is to use. Are 
there good tools for debugging, or browsing knowledge? Is 
the syntax easy to understand? Can design decisions be 
easily undone? 

Efficiency refers to how convenient it is to build large 
applications. Do they run fast enough? Can they be deliv- 
ered in a small, cost-effective machine? We vvould like an 
application to be able to run efficiently enough for its in- 
tended use. 

These goals are to some degree mutually incompatible. 
That is, maximizing any one goal can result in minimizing 
the others. For instance, first-order logic is a highly expres- 
sive language. It is, however, not highly usable, unless you 
are an experienced logic programmer. We also know thai 
it IS possible in first-order logic to have theorems that take 
extremely lojig times to prove. On the other hand, there 
are very simple syntaxes that are easy lo learn and easy to 
use. Because they are simple* they can be made to run 
quickly and efficiently. However, they are not very useful 
because the limited expressive power reduces the range of 
applications they are relevant to, A good expert systems 
language strikes a balance between these goals. HP-RL tries 
to achieve a balance of the,se goals thai provides the best 
all-around utility. 

HP-RL is &n integrated set of arfificial intelligence pro- 

Knowiedge Infer&noe Uslrrg Rtites 
"Find all bad qusHty code." 

If a module's author is John Doe, 
then the code quality is bad. 

Rule 2. 

If a module's number of minor bugs is greater thsn 5^ 

then the code quality is bad. 

Rule 3. 

If the severity level of a bug Js less than 3» 

then it is a minor bu^. 

Rule 4. 

If a module's number of serious bugs is greater than 2, 

then the code qualHy is bad. 

Rules. 

When the code quality is bad, then print the module name. 

Fig. 7. Rules can work together, resuiting in reasoning 
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gramming tools that form an extension of the HP Common 
Lisp Development Environment/' as Fig. 8 showi?. Thus 
the first feature offered by HP-RL is Common IJsp itself- 
HP-RL allows the user to escape into Common Lisp from 
a rule or frame, and to call HP-RL from Common Lisp, An 
application developer can program the procedural compo- 
nents of an application in Common Lisp without being 
forced to emulate procedural programming constructs 
within an expert systems shell HP-RL is similarly inte- 
grated with object-oriented programmmg* allowing frames 
to receive messages in the same syntax as is used for Com- 
monObjects.^'* This allo\vs the programmer to intermix 
frame and CommonObject code as needed. 

An objective in designing HP-RL has been to use a de- 
clarative syntax throughout. Declarative representations 
are easier to formulate and understand than procedural 
representations. By using a uniform syntax forboUi reason- 
ing knowledge and domain knowledge, the expression and 
understanding of code are simplified. Knowledge becomes 
easier to examine and understand in this form. It also be- 
comes easier to change. For example, in editing a frame, 
we merely replace one piece of data wi ih another. In editing 
a procedure^ we must be aware of how arguments are passed 
and of the flow of control, 

Using a declarative representation, uniformity of descrip- 
tion is achieved by describing all kinds of information as 
frames. Economy of description is achieved through inheri- 
tance, which allows attributes and processes common to a 
class of entities to be represented just once, and shared by 
all relevant instances ► Finally, powder of description is 
achieved through attached procedures, constraints, default 
values ^ and methods. Many other features exist, of course, 
and can be found in the manual-^ ^ 

Within HP-RL, frames are used as the single vehicle for 
representing rules as well as domain knowledge. As a re- 
sult, rules, which express reasoning ioiowledge^ share in 
the usefulness of a declarative representation. Rules can 
be annotated with belief metrics, print strings, or whatever 
the programmer finds useful- Rules can be related to one 
another or to other frames. Segmenting rules into different 
classes can be used to focus search. The space of rules can 
be accessed via the query language, resulting in a powerful 
method of extracting information concerning the rules 
themselves. In short, all the advantages of frames for knowl- 
edge representation are available for rules. The syntactic 
burden is simplified, and tlie accessibihty of rules is en- 



HP-RL 

D»veiO|>m*nt 
Environ meiTt 



Emrironnient 



I Cofnmon Ob^eets 



Common Lisp 



Fig. 8- HP-RL is ar? mlegratBd set of artifscmi tntBfHgenge 

programming tools forming an eKtenstan of the HP Common 
Usp Deveiopment Environment. 



hanced in the development environment. 

The reasoning component provides facilities for both 
backward chaining (goal-directed reasoning] and forward 
chaining (opportunistic reasoning). The defined semantics 
allow interaction between the two modes in which forw^ard 
chaining can interrupt backward chaining, and vice versa. 
This is very useful in constructing expert systems that in- 
teract with the user, as many diagnostic applications do. 
Various mechanisms for the control of search are provided* 
These include hooks for agenda control and mechanisms 
for doing a type of reasoning called metarea.soning. Finally, 
multiple rule domains allow the partitioning of problems 
into more compact subsets. To complete the picture, the 
rule interpreter itself can be represented as a frame, allow- 
ing users to examine and change the features of the rule 
interpretation process. This is useful in metareasoning, and 
in the control of search during reasoning through agenda 
controL (Metareasoning allows a program to reason about 
its own decision processes. Agenda control allows the pro- 
grammer to control search, in cases where enough is knowm 
to improve on the default strategy.) These and other tools 
for tackling more complex reasoning tasks are described 
in more detail in the manual-*^ 

The Development Environment 

HP-RL's development environment is an extension of 
the Hewlett-Packard Common Lisp Development Environ- 
ment. In particular, we use the notion of l>rowsing as a way 
to access in forma I ion. The environment for using frames 
provides various mechanisms for browsing frame data 
structures. Since frames are the single represeotation de- 
vice for both knowledge and rules, these knowledge 
browser capabilities are also available for examining 
reasoning knowledge. This provides a uniform metaphor 
for accessing knowledge, and reduces the cognitive burden 
on the programmer, A uniform set of tools for creating, 
modifying, and examining frames provides the user vj[\h 
a rich environment of debugging and development tools- 
These tools allow the user to create, examine, and modify 
knowledge at an appropriate level of abstraction. 

We require of our expert systems tool that it be efficient. 
Efficient in this case means that il minimizes the effort 
required to prototype an application, locate defects in a 
running program, modify the program to correct the defects 
and deliver as small and fast a final program as possible. 
Thus efficiency here means development-time efficiency 
as well as run-time efficiency. Achieving these goals re- 
quires an expert systems development environment that 
facilitates fast prototyping as w^ell as the development of 
a fast delivery vehicle. The HP-RL development environ- 
ment facilitates fast prototyping. Methods are also available 
in HP-RL that help turn the initial prototype into a smaller, 
faster run-time program. However, achieving an optimal 
run-time version of HP-RL is .still un open issue. 

A specialized environment is necessary to exploit fully 
the power of HP-RL. HP-RL contains complex tools to rep- 
resent knowledge and control reasoning. Effective use of 
these tools can become difficult, far a variety of reasons. 
As the size of a knowledge or rule base grows, it can become 
hard to keep track of the interrelations and constraints. 
Syntactic details can cause problems. Debugging becomes 
correspondingly more complex as the chains of reasoning 
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grow. HP-RL's development envlroniTient is intended to 
aid in the rapid prototyping of expert systems sofrv^^are by 
providing three features. 

First, it ailows the user to create and modify code at the 
descriptive level embodied in HP-RL's constructs. Thus a 
programmer need not be overly cooceraed with syntactic 
issues as opposed to semantic ones. Through the use of 
various templates and menus, a programnier can focus on 
the task of writing rules and representing knowledge. 
largely insulated from details of syntax. The use of various 
browsers allows code to be examined at this level of abstrac- 
tion, and modified as needed. 

The HP-RL user environment also allows ihe user to 
follow the execution of a program at this level of abstrac- 
tion. A variety of tracing and stepping tools can be used 
to onderstand program execution without needing to drop 
down to the level of Common Lisp. To gain further insight 
into the behavior of a program, the user can examine deci- 
sion trees, ask for justifications of inferences, or examine 
the consequences of alternative choices on the program's 
behavior. 

Finally, the environment allows the user to control the 
execution of a program dynamically, again at this higher 
level of abstraction. The user can dynam^ically take control 
of various rule and goal agendas, and by so doing select 
execution choices diff threat from those built into the appli- 
cation. This ailows the user to experiment with alternatives 
without having to modify code. 

Since all knowledge, including reasoning knowledge, is 
represented declara lively as frames, at any moment in time 
an HP-RL program can be considered a structured data 
base, which can be browsed and queried. As a structured 
data base, an HP-RL progrtim can be accessed by varicius 
kinds of browsers. Browsers provide the unifying metaphor 
for accessing information in the HP-RL user environment. 
For example, a frame browser allows tht; user lo browse, 
filter, and organize collections of frames. A stepper browser 
allows the user to follow the execution of rules and lo 
change the sequence dynamically; Re^isoning is typically 
annotated with traces and dependencies that the user can 
browse to understand why reasoning followed the path 
that it did. 

Program developers typically want an environment that 
supports fas! prototyping. Yet. when delivering a program, 
considerations of speed and size become important. HP-RL 
tries to give the application developer some control over 
the trade-off between functionality and efficiency through 
the use of declarations. These declarations allow a de- 
veloper to declare away functionality on either a global or 
local basis. When this is done, speed is improved and space 
is saved. An application developer will typically start with 
a fully fnnctional version of HP-RL to ensure maximum 
flexibility. As an application takes shape and the developer 
becomes aware of which language features are used in the 
application, the other features can be successively dropped 
from the language, creating a smaller, more efficient version 
for use with the run- time program. 

Conclusions 

HP-RL is now a mature experiment. It has been a success- 
ful vehicle for support i nf^ 1 ha develfifjment of expert systt^m 
applications withhi HP. Along the way. we have been able 



to extend our understanding of the needs of application 
builders and gain valuable experience in constructing this 
class of ex-pert systems took There are currently no plans 
lo turn HP-RL into a supported product. HP-RL 's role has 
been as an experimental tool for fast prototyping of expert 
systems ap p I ica tions . 

Once an application has been prototyped, the developer 
has several choices. The application can be transformed 
into one built in a more conventional programming lan- 
guage. For instance, both our natm:al language parsing proj- 
ect and our MicroScope project were able to produce run- 
time versions where frames are replaced by ConunonOl}- 
jects. resulting in a program that is built entirely in the 
Common Lisp product supported code. Of course, this 
transformation may require some care- Conversion to Pro- 
log, C, or Pascal may be possible as well. For example, the 
Photolithography Advisor*^ has recently been converted 
to run in HP Prolog, 

Often when starting an application, a developer does not 
iaiow what functionality will be required. This makes the 
choice of a commercially available expert systems tool dif- 
ficult. If an inexpensive tool is purchased, it may lack es- 
sential features. On the other hand, an expensive tool re- 
quires a large initial investment. By prototyping in HP-RL, 
an application developer can determine what the real needs 
are. and even whether the project is feasible, before invest- 
ing large sums of money in software tools. By understand- 
ing what functionality the application requires, the de- 
veloper may be in a better position to determine which, if 
any. low-end tools can satisfy the neexh of the application. 

The use of an internal tool such as HP-RL also gives the 
developer access to the source code. This can be very use- 
ful. It is often the case that an application developer wishes 
to use only a part of HP-RL in an application. For instance, 
only the knowledge representation component may be re- 
quired. In some cases, it is necessary to augmenl or modify 
the features of HP-RL for an application. For example. 
PLATO^ required a special solution for the propagation 
and combination of negative and posilive evidence as- 
sociated with various possible partial solutions, In other 
cases, such as the Photolithography Advisor,^ ^ a hand- 
crafted interface is necessary for success with end users. 
This requires the ability to access and modify the source 
code as needed. 

For these and other reasons, HP-RL has proved useful as 
an experimental prototyping tool for the construction of 
expert system applications within HP. HP-RL is a pro- 
totype, and not a product- Thus it lacks some important 
aspects of commercially available products. HP-RL is an 
average-size expert systems development tool compared to 
the commercially available high-end shells. However, 
HP-RL lacks a sophisticated graphics-based development 
interface of the type usually available on commercial prod- 
ucts. This has made HP-RL harder to use, especially for 
less experienced programmers, than the comparable com- 
mercial products. As a delivery vehicle, HP-RL may be 
slower than some tools. Little time has beBU spent optimiz- 
ing Ihe im piemen tation> in addition, a performance cost 
wa.s paid for the flexible imphHuenlalion we chose to use. 
Many commercial tools now provide C- based (rather than 
Lisp-based) delivery environments, which may offer 
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furthar benefits in terms of size, speed, portability, and 
mainlamability. 

Commercial Systems Similar to HP-RL 

HP-RL, as a completed lab prototype, is no longer avail- 
able for general use within HP, However, there are a variety 
of third-party expert systems tools available on both the 
HP 9000 Series 300 Computers and the HP Vectra personal 
computer. The commercial expert systems offerings typi- 
cally contain reasoning and /or knowledge representation 
tools embedded within a programming environment that 
provides a uniform shell for application development. The 
prod acts can be divided into the high-end shells, which 
run on the HP 9000 Series 300 machines, and the low-end 
shells, which run on the Vectra. Some of these products 
offer functionality similar to that of HP-RL. 

Evaluating third-party products is a complicated task. 
An excellent recent review article^ "^ provides a framework 
for assessing commercial expert system tools* The article 
also contains vahiable references to the literature on 
evaluating expert systems tools. 

The high-end shells are suitable for developing large or 
complex expert system applications. Both Intellicorp's KEE 
and Inference's ART have features similar to HP-RL's. and 
w^ill be available on the HP ^000 Series :UJO workstations. 
The PC-based shells offer less power, but are relatively 
cheap and easy to learn. These shells can be used to con- 
struct smaller applications. Since these tools typically have 
a much smaller and more restricted set of features than the 
large tools, it is more important that there is a good match 
between the features of the particular tool and the require- 
ments of the application. However^ since these tools are 
not expensive and can be learned quickly, it is easier to 
experiment w^ith them. There are numerous veinlors of PC- 
based shells. GIJRI-J and Nexpert are I wo Vectra-based tools 
that have been used within HP. While no PC-based tool 
has the full functionality of the f IP 9000-based shells, some 
do provide similar (although simpler) functionality to HP- 
RL- One that does is Texas Instruments' Personal Consul- 
tant Plus. 

Another alternative is a product that falls between the 
large tools and the small tools. This is Gold Hill's 
Goldw^orks* Goldworks provides frames for knowledge rep- 
resentation and an inference engine for backward and for- 
ward chaining. Goldw^orks requires an add-on board for 
the Vectra, but provides significantly more power than 
most other PC-based tools. Finally, for some users, HP Pro- 
log may provide a a useful alternative. For instance, the 
Photolilhography Advisor has recently been converted 
from HP-KL to HP Prolog. 

Expert systems shells in their present form, while useful, 
still lack certain features that can restrict their use in some 
cases. Currently, there may not be an acceptable way to 
deliver applications to end users. These shells are just be- 
ginning to tackle I he problem of delivering applications in 
conventional programming environments. The high -end 
shells can be large and sometimes slow'. Depending on the 
application, this may present problems. Finally, these 
shells do not provide access to conventional data in an 
easy fashion, nor do they provide convenient w^ays to create 
large data bases of knowledge, w-hich require the support 



that a data base management system provides. 

Current technology trends are addressing all of these 
issues. The expert systems shell vendors are developing 
ways to deliver applications in standard computing en- 
vironments, and in conventional languages. They are mak- 
ing their shells smaller and more efficient, porting them 
to C in many cases. Both the shell developers and the data 
base community are w^orking on solutions to the problem 
of large, heterogeneous knowledge bases. 

The low-end shells may lack functionality that is impor- 
tant in a particular application. Restrictions on the number 
of rules diul the amount of data can similarly restrict their 
range of applicability, and require care on the user's part 
in matching the tool to the task. However, the marketplace 
is changing at a rapid rate. Expert systems technology is 
becoming more generic, w^hile PC-class machines grow in 
power. As a result, low-end shells are adopting more of 
the features and capabilities of high-end shells. This should 
result in cheaper and more powerful tools in the near fu- 
ture. 

Ac k n o wiedg men t s 

HP-RL is the product of many peoples' efforts over a 
number of years. Major contributors were Terr}^ Cline, Jill 
Dai ley, Dell Fields. Wendy Fong. Pierre Huyn, Douglas 
Lanam, Joachim Ijaubsch. Reed Letsinger. Mike hemon, 
Alan Shepherd, Randy Splitter^ Bill Stanton, Ivan Tou, 
Tom Vrhel, and Steve Weyer, 
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f Wield was responsible for 
mechanical developnr^eni 
■ of rne paper axis [or the 
I PainiJet printer Before ihis 
assignment, he developed 
microefectronics process- 
es, His educational back- 
ground Is in bothchemisti'y 
ana mechamcaJ engineering, with a BA degree 
from the Unjversiiy of California atSan Diego (1 977) 
and a master's degree from the San Diego Stale 
University O^BO). This d^ver5e background is re- 
flected m Jeff's earlier actsvitses as a stable- Isotope 
chemist (or the U.S. Geological Survey. A patent 
appNcatioh is pending for a method he developed 
for moiding plastic gears He is a regisiered protes- 
sional engineer and resides with h^s wife in San 
Diego, California. 




Cfiuong Cam Ta 

A project leader at the San 
Diego Division, Chuong 
Cam Ta has been involved 
wiih the design of prjnters 
and plotlers since he (Oined 
HP «n 1 979. Among his proj- 
ects as a cfesign engineer 
I were 1 he HP 7470A, HP 

7550A. and HP 3630APIot- 
S ters Presently Chuong 
heads 1 he design of a new color graphics printer 
He was born m Hanoi. Vietnam . and completed his 
education in Saigon, where he received hisBSME 
degree from the Mat ion ai Techmcai Center in 1 974. 
Heafso holds a BSME degree from the University 
of Minnesota (1979) and an MSfv^E degree from 
Calitof ma State University at San Diego ( 1 9S4 ) Be- 
tore coming to HP, Chuong was a planning en- 
gineer at The Nestle Company in Vietnam. He is 
marhed and lives wtlh tiis wife and l wo children in 
San Diego, California. His recreational activities in- 
clude camping, watersknng^ and downhill skiing. 
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let 



David C. Triboiet 

As a project manager at 
HP's San Diego Division, 
^.^,^^^^ "^^ Dave TnbQlei was respon- 
Wm^^ ^H siDle for the design of the 
1 11 % ^^ W^ PaintJet mechanism In the 
III iw ^ *' pa si he has been involved 

\W **v^ inthedeveJopmentof other 

■H '^^^ HP plotters as both en- 

^KL ' gineer and project leader. 

rf^m^ Two patents resulted from 

his worl^, one for a switchless pen sensor, the other 
tor a bidirectional pen changer Dave s BSME de- 
gree is from the University ol Arizona (197S). an 
ivf SM E deg ree ( 1 979) and a n MSEE deg ree ( 1 562J 
are both trom Stanford University He was born m 
Tucson. Anzona Now a resident of San Diego. 
California, Dave likes to spend his leisure time 
bicycling. 




Lawrence W. Chan 

The focus ot Lawrence 
I Chan's professional fn- 
teres ts IS mechanical de- 
sign His BS degree ( 1 979) 
and his master's degree 
■ (1980) are m mechanical 
^^^ engineenng and are from 

r, W/^ the Massachusetts Institute 

-*^, of Technology, When he 

came to H P"s San D i ego D i - 
vision in 1 985, Larry was assigned to the PaintJet 
development leam, where he worked on the design 
ot the electrtcal interconnect system. With the proj- 
ect completed, he has now redirected his efiorts 
to the design of a new plotter. Before coming to HP, 
Larry worked in the paper industry, where he de- 
signed a patented test apparatus. He was bom in 
Hong Kong and now resides with his wife m San 
Diego, California Larry enjoys traveling and 
photography 



WInthrop D. Childers 

'With a bachelor's degree in 

^gfl^^^ physics from the Coloj'ado 

w^^H^P^ Sc hoof of Mines {1932} and 

^!^^^^^^« an MS in phySfCS from Ihe 

^^ ' r University of California at 

^^ ' -^^^ San Diego (19S3), Wm 

^^ I ' Childers joined fhe San 

^^' t Dtego Division of HP in 

1983. As a development 
engineer on the PaintJet 
proiect, his responsibilities .ncluded the onlice 
plate, barriers, pnnthead assembly., and cartridge 
assembly. In a previous position. Win has worked 
on materials science research for a large chemical 
concern. He was born in Princeton, New Jersey» 
is married, and makes his home »n San Djegc, 
Calitomia. 



-I 



% 



Hatem E. Mostata 

^vg An R&D project manager at 

*^^ Ihe San Diego Division of 
^B HP, Hatem Mostata was m- 
-^^^ v^ volved in rhe development 
^M of firmware and electronics 
used in the PaintJet prtnier 
Since he came to HP in 
1979, Hatem has worked 
on other pnnter.'pj otter de- 
signs. In particular, he con- 
tributed to Iha e lec Ironies tor the HP 7580 A Oralting 
Plotter and to the electronics and servo for the HP 
7550 A Plotter Hatem earned his BSEE degree at 
the University of Minnesota m 1979 and holds an 
MSEE degree ( 1 9Q2) from Stanford Untversity . He 
has coauthored articles for the HP Journal on some 
of his previous projects Hatem was born m Cairo , 
Egypt IS married, and lives rnSan Diego, Califor- 
nia Running, scuba dsving. and bodysu fling are 
his tavorite pastimes. 



^. 



Ruben Nevarez 

^^^^^ After receiving his BSME 

^tj/I^^L degree from the University 

^^^^^^^ of California ai Santa Bar- 
L ^, ^^ bare, Puben Nevarez 

pined the San Diego Divi- 
sion of HP ml 982 Asa de- 
sign engineer on the 
PaintJet CoJor Graphics 
Printer project. Ruben 
worked on the interconnect 
system and the primer His ideas contrcbuted to two 
PaintJel pateni applications Ruben was born tn 
Durango, Mexico, and is active in the Society ot 
Hispanic ProfessEonal Engineers He is marrsed 
and lives in San Diego, California In h«£ oft-hours, 
Ruben enjoys running, soccer, and participating m 
bible discussion groups 



^. 



Ronald A. Askeland 

As an R&D project leader, 

Ron Askeland's spec if fg 

area of interest in the 

1^ ^ WM 'J PaintJet pnnter was the re- 

y» ■■/I J 'lability and failure analysts 

^^ '^^H ^^ ^^^ th^n-fjlm resistors m 

^^B Theprmthead Ron came to 




1^ 



HP m 1984 with a BS de- 
gree in biology from Man- 
kato State Univers4y 
{ 1 976). and an MS degree m microbiology [1 9B0) 
and a PhD degree in chemistry (1&S3) trom Col- 
orado State University His previous professionat 
activities include work wiih environmental chemis- 
try at the US Naval Ocean Systems Center He has 
p ubhs hed th ree art i c les on su bjects c I ose st to his 
interests. Ron is a member ot the American Chem- 
ical Society Born m Madeiia, Minnesota, he is mar- 
hed and has a daughter, in his off-hours, he hkes 
racing model sailboats, tending his bonsai trees, 
and playing tennis ar>d golf. 



66 HEV^LEH -PACKARD JOUHNAL AtJGUBT 1986 



)Copr. 1949-1998 Hewlett-Packard Co. 



Wtlliam R. Sperry 

J*,^^ Joining l-P m 1 973 as a pro- 

^B ..^ ^ r variety of assignments but 

^ . ^ ^ me many performance and 

I ^^M^ta^ manufaciurtng aspects ci 

L ^^^B95 printrtead desiQn have 

^^k ^^Kv ^^^^^ centra^ tQ hm career 

^^l^^ll ^L,^ He has be^i a productMsn 

1^^ ^^B^ engsneer an RS.D en- 
gireer. and apmject leader A project manager lor 
Ifie Patnt Jet pnnier cJunrrg the past severaJ years 
his responsibilities included tne devefopment sf 
thirvfplm compGnents. tne barrier, and ihe no22Je 
pjate and the prototype assemDiy of the phnthead. 
Bill's 1 968 BS degree in physiCS is from CaJifornia 
State Unrversity at San Diego His several pubiica- 
tioTis are on the supjeci of microwave delay line de- 
sign and the fabrrcation of TaA! resistors He is nrtar- 
ned and lives with his wife and three children m 
Poway, California SiU is a member o1 the National 
Ski Patrol and coaches youth socoer activities. He 
enjoys skimg. soccer, and goH 




32 High- Volume Mtcroa»s«iiil3ly 

Tlmottiy J. Carlin 

Ifti H^ Developing processes an a 

^*^"*^ * designs that satisfy both 

performance and high-vol- 
ume manufacturing re- 
quirements were Tim Car- 
Irn's responsibility on the 

r^,^ I PaintJet proiecE. He is a 

* manufacturing engineering 

manager at the San Dsego 
Division, whtchhe joined in 
1 984 Before comjng to HP, Tim's professional ac- 
tivities included R&D in energy, Ouid modeling, au- 
tomation, roboiics, and machine design He 
earned his BS degree in engineering science at the 
Ur^iversiEy of California at San Dsego (1972), Mas- 
ter's and engineer's degrees in mechanical en- 
gineering {1974 and 1975) are from the Mas- 
sachuselts Institute of Technology Tim is a 
member of the American Society of Mechanical En- 
gineers and the Society of Manufacturing En- 
gineers. He's married, has four children, and lives 
in San Diego, California. Heenpyspfaying soccer 
and coaches a youth soccer team 



Steven W. Steint^erd 

f ^^^^ Before jommg the Pamtjei 

development team and be- 
coming an R&D project 
I eade r , Si eve Steinf i eld was 
a manufacturing engineer 
working on the media-mov- 
ing and a utocalJb ration 
I sysiems of the HP 7580A 

and HP 7565 A Oraftms 
I Plotters. He came to HP in 
1981 . As part of an engineering rotation program, 
he IS presenily designing an automated print qual- 
ity evaluation system at HP's Inkjet Components 
Operation m Cofvalfts, Oregon Steve s BS degree 
in ap p 1 1 ed sci ence i s from the Uni versil y of Caf rf or- 





n.ca at San Diego AttfKxrgh ttom tn CrteEsea, Mas- 
sac^u^etts, he considers himself a r^tive of San 
Drego Steve is a musician and enioys playing 
keyboards, guitars, and drurrts. In his home record- 
ing studio, he is cun-enffy producing his second 
ccftectjon of ofiQfnai jazz and rock songs He also 
- : : ' cycling, volleybaJf, and phonography, is a 
- sseuf of beers from a/ound the world, and 
enjoys cooking Mexcar^ food 



Cheryl A. Soeller 

I In the devoiopmenf of the 
I PaintJet printer, Cheryl 
Boelfer s respor^sibilities in- 
ctuded selection of the 
I ad hesjves and e stabtishi ng 
the uftravioiet cunng pro- 
cesses used, At present, 
her professionaf interests 
' focus on the prpnt qualtty of 
I various thermal ink|et prod- 
ucts A development engineer at the San Diego Di- 
vision. Cheryl came to HP in 1 980. Her BS degree 
inmechanicaJ engineering is from California State 
University at Long Seach 



Peter M. Roessler 

B In 1934, after receiving his 
BS degree ^n mechanical 
^ engcneenng from the Uni- 
ve rst i y of Cal i forn i a at SarHa 
• ■ ^srbara, Pete Roesster 

k:j fried the San Diego Divi- 
^ sion of HP. As a manufac- 
turing engineer on the 
PaintJet profecl. hisasstgn- 
ments focused on est ab- 
ashing processes that would ensure both perfor- 
mance requirements and manufacturability of the 
print cartridge He has worked as a project leader 
and was recently promoted to project manager tor 
printhead assembly Pete was bom in Torrance, 
California, and nov/ lives m Del Dios. He spends his 
leisure lime playing tiaaKetball and golf, skiing, and 
collecting compact djscs. 




41 ^I Ink Retantion : 






BHan D. Gragg 

' As a student, Brian Gragg 

^JJB^^ M worked at HP during sum- 
t^^ ^^fc M mer recesses, but joined 
■"^ ^ ■ trie San Diego Division full- 
" *' . - . Time m 1985, after receiving 
his master s degree in 
mechanical engineering 
i'i>m Harvey Mudd College. 
■^s BS degree [1984) is 
M '/ ^k f r om t he same i nst i tu 1 1 on . A 

manufacturing deveJopmeht engineer on the 
PamiJei project, his responsibifities included de- 
sign of the plug, hermetic seal> and vent, and the 
ink fin process, foam insertion, and tape process 
development Hss work on the vent resulted in a pa- 
ten t app 1 1 cat ion Presently , Brian 's ef f 01 s focus on 
developrneni of an automated assembly line lor the 
PaintJ et pen HewasbormnGroton, Connecticut. 



s married, and trves tn San Oiegc. Caiffonua HiS 
varied avocat>oriS include pSxjtography. cofTv 
pyi^s. gsrdenir>g. btcychng. ar^i flying radio- 
controlled giKJers 



Jim L Ruder 

^^^m^^ m ^^^^^ comir^ Id HP on a 

^^^^^^^ W permanent basis. Jim 
^^^^^^^l^ Rucer had worked two 
^ ^v> ^M^ '-* '-^"^''s ^^ ^^ San Diego 
f D*visjon, while attending 
Kansas State University. 
He received hiS BSME dfr 
gree m 19S3 As a man- 
ufacturing eng^r^eer. Jim 
belonged to a team work- 
ing on design of the PamiJei pen His resporv 
sibllities included the method of foam msenion. and 
inkftll and priming techniques ISlow a manufactur- 
ing engineenng supervtsor, J^m continues to be in- 
volved with plotter pen assembly. He >s a member 
Of the American Society of Mechanical Engineers. 
Born inSalma, Kansas, he now resides with his wife 
Lisa in Escondido. California. Jtm s spare time is 
Shared by church activities, landscaping and other 
honne improvement p.rojects, and "enjoying South- 
ern California." 



,4f 



Erol Ertiifk 

^^^^^ ■ The areas of manufacturing 
^^B^B^^bi« process development 
^^m l^F* manufacturing and design 

^■1 *^ ^H V "ntegration, and automation 
WL ^^^ " ^^^ ^^^^1 Erturk's protes- 
w^^ ^^*3M sional specialties. In the 

L^^^b \ development of the 

^^^m PaintJet printhead. he was 

^0^^^'^^ responsible lor the plug., 

vent, primer, wiper, and 
tape proce^i:_:_ x....i '::i-ir manufaciuring im- 
plementation His BS degree in mechanical en- 
gineenng is from the University of Wisconsin 
f 1 9&5), and he is planning lo begin a master's de- 
gree program in fall. Erol was bom in Ankara, Tur- 
key, and pined the San Diego Division of HP in 
1 965. He *s a member of the American Society of 
Mechanical Engineers and the Society of Manufac- 
lurinig Engineers His favorite Sport is soccer. 



Wary E. Havitand 

K~~mr|H As a manufactunng en- 
K^^^ Ql 9'f^s^''"^9 manager, Mary 
^ ^B|||^U Haviland headed a team 
_ ** ^^^^^^ working on the Pa tnt Jet pen 
I assembfy She has since 
directed her efforts toward 
processes for matenats 
and media lor the printer 
Before coming to the San 
N " - » D^ego Divjsion of HP in 

1979, Mary's work included developing measure- 
ment techniques for materials used in Titan II and 
Titan II! rockets Her bachelor's degree m chemts- 
try is from California State University at Sacramento 
( 1 977). She IS a member of the American Chemical 
Society, the Society of Women Engineers, and the 




y \W 
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Amefican Association o( Women inScieoce Mary 
was bom in Sacramento, CalJfornia Jn hsT tiirie off, 
she IS resronng a 1965 Mustang convertabie. but 

ajso likes ,vwa!ef skiing, bicyling, and pJaying vol- 
leybalL 



Joseph E. Scheffelin 

Tt^e packaging, wiper, and 
tape cap fof Ihe ParntJet 
prtnt CBTindge were Joe 
I Scheffeiin's focal projecis. 
I As a manufacturing en- 
I gmeer, he was involved m 
I developing ways to make a 
I htgh- quality pen maas- 
manufacturable Joe's cur- 
rent assignmeni. the de- 
veJopmenro! automated production lines. buiJdson 
his past e)(penence. Joe came to HP rn 1 981 , jopn- 
tng the Inkjet Components Operaiton <n CorvaJlis, 
Oregon. His BS degree in mechanicaiengineonng 
IS Irom the University of Caiitornra at Davis. He was 
born tn Rantoul, Illinois Joe is married and lives in 
La Joiia, California. He plays Ihe pianio and iil<es 
running tor recreation, 




ir^ 1977 His MS degree in physical cjnemistry 
(1981) is from Washtngion Slate University. Ron 
currently Ijves with his wife Margo and their three 
Children in Poway, California He uses his wood- 
working skFlls in home remodeling and likes golf 
ana fishtng 



Peter C Morris 

^^^^_ '^^^^ Peter Morris developed the 

m^^.^ ^^^ overhead transparency film 
B '*|^^^|NM ^or the PaintJet printer As 
I J J -^ t^ ' tB|» ^ development engineer m 
rl I'**'*- Mi HP's San Diego Division. 

>nk and media desjgn for 
thermal inkiei printers has 
been Peter's primary re- 
sponsibility. Presently, he is 
working on a polyester fj|m 
medium for a new printer. His chemistry degree is 
from the University oi California at San Diego 
(1979). Previously, Peter worked as a research 
chemist Jor a cosmetics manufacturer, where his 
developments resulted in patents for polymeriza- 
tion and a soft contact tens Peter is a member of 
the American Chemical Society. He and his wife 
Cheryl live in El Cajon, California. Peter has an tden- 
tical twin brotlier. 






to be the man focus of his development work In 
past projects, John has worked on thir>-fNm struc- 
ture, passivation, and condL^ctor/rfis^sto^ film A pa- 
tent related to thin- film structure and two others on 

ink design are attributable lo his work He remair;s 
mainty interested m ptiysical chemistry and is a 
member of the American Chemical Socteiy. Born 
in Fuilerton. California, he Jikes scuba diving, ten- 
nis, and playing chesS- 



M, Beth Heffeman 

^^^^^•^^■r^ Just after joining HP in 
_ _ If ^^^ li 1931. Beth Heffernan be- 
%j .^ ^ ^^ ^ 1 longed to a team con- 
^1 jflf . ^.^ cerned with plant safety 
^LHI > - 1 ^ ^^^ mdustnal hygiene at 
^PIB. ■^•is3' A the San Diego Division, 
^ " Later, as a manufactufifjg 

engineer, she was as- 
:'j^ed to the group re- 
I ■■. oonsibJe tor development 
Her work resulted in a patent 
for a foam cleaning process Beth was bom m 
Peona, Illinois, and now Irves at Enciniias, Califor- 
nia. In her off-hours, she likes buying and trading 
cafs. snow skiing, traveling, and wtne-tasting. 



.11.^ 



^^ 



ol ft^e PaantJet pen 



W. Wlstar Rhoads 

Snohly after receiving his 
BSME degree from Lehigh 
University in 1980, Wlstar 
flhoads joined the San 
Diego Division of HP As a 
manufacturing develop- 
I ment engineer, he was 'n- 
I voJv ed *n th e des i g n of the 
pen assembly for the 
PaintJet printer Presently, 
he IS responsible for adhesive dispensing and ul- 
traviolet curing on an automated pnnthead align- 
ment machine. Much ol Wf star's past projects were 
associated with thin-film engineering. Ha was born 
in Rochester. Minnesota, bui raised in PhiladeJphia, 
Pennsylvania In his spare time, he enjoys bioy- 
cling, t^orseback riding, and working on his house 
m Escondido, Californ«a 




4§^1nk and Media : 






Ronald J. Selensky 

As a San Diego Division 
development engineer. 
Hon Selensky was involved 
I m developing PaintJet 
11—- - paper No strar^ger to ink- 

I m ^^1^ set he previously worked in 

■ ^ ^Z^ * a Similar capacity on many 
I ohases of inkjet technot- 
ogy, among them mate nals 
development and testing. 
and the development of dye. ink, and print media. 
Ron now works as a manufacturing deveiopment 
engineer In a previous position. Ron was a quality 
control chemist for a large food manufacturer. His 
primary professional interest Nes m ultrafast laser 
techniques. Ron was raised in Great Falls, Mon- 
tana, where he also earned his bachelor s degree 



l^^.aZ^ 



K 




Donald J. Palmer 

Don J Palmer received his 

BS degree in chemistry 
from CaEiforniB State Uni- 
versity at San Diego in 
1 i L 1977. latef attended 
JkJ graduate school at Oregon 
State University (1978. 
chemistry) and Stanford 
J University ('1979. elecmcal 
W.^ engineering). He [omed 
HP's San Diego Division in 1 979 and consecutively 
served as an R&D engineer, project leader, and 
project manager of inkjet products Don was re- 
sponsible for several developments associated 
with the PaintJet printer, pen cannoge, ink, paper, 
overhead transparency medium, and color com- 
munications standards. His work on ink design and 
manufacturing processes resulted m a patent. Don 
is a member of the Amencan Chemical Society and 
the Society for Imaging Science and Technology 
He was born in San Luis Obispo, Calilornta, is mar- 
ried, and lives in San Diego, California, His recre- 
ationai interests include running, public speaking, 
landscaping, and raCquetbaiL 



ilohn Sloffi&l 




With BS degrees in both 
chemistry and biology -rom 
the University of California 
at Irvine (1984), John 
Stoffel joined Ihe San Diego 
Division of HP ;n t984. He 
was responsible for for- 
mulating the ink chemistry 
used in ttie PasnUet printer. 
TTiis technology continues 



Mark S. Hickman 

^^^M^B^^^.^,^ As a member of the 

jp|^b^ PaintJet printer develop- 

^ ^^^k ment team, Mark Hickman 
Mmf^^ ^1 was responsible for design 

^ ^^^ ofthetransparencyfilm. He 

1 ^^ ^^% 'S now a development en- 
^■P * gineer working on special 

^Bf ^ media for future HP pnni- 

\jl^^* ^ ers, Mark joined The HP San 
' ■»> Diego Division in thefall of 

1986, shortly after he earned h^s BS degree in 
mechanical engineering from Washington State 
University. He also holds an earlier bachelor's de- 
gree { 1 979) in vocal music education from the Uni- 
versity of Wisconsin, a training background he 
used in his previous vocation as a SfOger and voice 
teacher Currently. Mark sings for recreation in the 
Escondido Oratorio and the Palomar Chorale He 
also likes rock climbing and racquetball Ha was 
born in Milwaukee. Wisconsin, is married and has 
a pne-year-old son 



51 __ Printer Electronics ^_^_^^^^-^^ 

Jerrnie U Hollls 

1 Jennie Hollia joined HP's 
^ San Diego Division in 1 984, 
L!it after she received her 
^^S degree in compuier set- 
13 nee from the University of 
I California at San Diego. Her 
I BS in psychology (1 976) is 
From the same institution. 
She becamie a memtjer of 
ttie team developing the 
PaintJet Color Graphics Prit^ter, working on the 
firmware Before coming to HP. Jennie worked on 
the development ol an automated tracer gas 
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mcjnitor and a PCB anaiyzer Bom m SanTa Mon ca, 
Caiiltmia, sfie noy^ r^>des wftti t^rfujaband arid 
iwo children tn Otvenl^in, Cafffomia tn her off- 
hcKii^. Jennie enpys fiorseback rfdrng, backpack 
tng. ami bcycie touring 



Philip C. 5chuft2 

^ ^ When he came to HFs San 

^^^^i^gj^^r C^o DiviSKXT in 1 9S4, Pti il 
^B^^^^^R Schiullz was assigned to 

PB^^^^^fk the PamtJet pfdjecl . and tof 
ri ttie en&uir>g years was re- 

^ S^'j . sponsibfe for design lest- 

V^^ M|^8 ing, and sup|>OfT ol ttie 
^^j^H| prmter's in put/output and 
main electronics. He has 
stnce moved to a new proj- 
ect invojving asemtcustom integrated circuit. Phil 
received hts BSEE degree from the University of tl- 
linors in 1984 He was bom in Mount Prospect. II- 
Nnors, and now lives witfi his wife in Escondido. 
Cafifornia He is interested in Chines© cooking and 
likes to play tennis. 




WUIIam J. Walsh 

Bebre Bill Walsfi was as- 
signed to the PairtlJeE pro- 
ject, he had w^orked on the 
HP 7580/85 ra/nily of Draft- 
ing Plotters. His respon- 
sibilittes as a PaimJei de- 
sign engineer mcluded the 
sen^O firm ware, front panei 
code, and the proioiype 
PCLcode and stepper His 
work contributed to two patent applcations. Bill 
came to HP m 1981 with BS and MS degrees in 
computer scrence from Michrgan State University 
(1978, 1979) His previous professional expenence 
incJudes a post on the teaching siajf of ihe Untver- 
sity of California at Berkeley After hours. Bill works 
as a \/olunteer aide in his daughters first-grade 
matti/computer lab. He is afso a competitive 
swimmer 
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Steven T. Rosenberg 

Curreniiy a member of the 
technical planning staff, 
Steven flosenPerg has 
been working at ^P 
Laboratortes since ha 
joined HP in 1981, He has 
served as heac:i of Ihe 
expert systems department 
and as manager of Ihe HP- 
RL and photolithography 
advisor projects fVlosi recently, he has been in- 
volved m seiltng up re&e^tch collaborations with 
universilleslorHPLatxiratones Steven earned his 
bachelor's degree ai f^cGitt University in 1969 and 
his master's and PhD degrees in psychology at 
Carnegie fvlellon University Before coming to HP, 
hewas a research scientist involved m artificial-in- 
telligence development al the University of Califor- 




nia LawrerKjeBefk^ey Laborat : -nbef 

of the research! staff at the artific! a c "^ 

oratory of the Massachusetts Inst'lu* - 
ogy. At MtT, Steven stso tTeW a positio.- = - =■ - ..- . ai 
tecturer n the D^^^s*on for Study apd Researcn m 
Educati<xi He has authored or coauthorea over a 
dozen papers on ttie subjects of artificial initellh 
gence and human infafmai*ar»pTOcessir^9 He be- 
longs to the IEEE , tiTe American Association ior Ar- 
Ijffioia] Inteflngence, and the Canadian [nfonnatHon 
Pfocessins Sooety 



71 = Microscope : 




Alan L, Foster 

I ^^^^ As a member o1 the techni- 

^^^P^k c a1 staff for the M tcroScope 

^^^ ^» project. Afan Foster de- 

^J^^^J _ veioped the stairc anaiyS'S 
^ ^^^^Mi ■' ornponent. a templaie- 
D5sed cross-reference 
[001. ana an execution his- 
tory brov^i'SeF Before com- 
, in ^^m ing to HP in 19B4, he was 
It A ^^P a software engineer at tt>e 
Usp Company, where he cQntr<buted to an im- 
plementation of LOGO for personal computers 
Atan received fiis BA degree in mathematics from 
the California State University at San Jose in 1 932 
Hfs favorite pastimes include skiing and softbalK 



James P. Am bras 

Since joining HP in 1978. 
Jim Am bras' assignments 
■ :ive locused on oflice 
tutomation application 
software and Lisp techno 1- 
j ogy, As project manager 
^ fc r t h e M«c roScc pe p r oieci , 
Jim had overall responsibil- 
ity for the development of 
this software He 
coauthored a paper on MicroScope, delivered at 
the iniernationaJ Conference on System Sciences, 
and a journaJ articie on the same subject. Jim's BS 
degree m computer science is from Syracuse Uni- 
ve rsEty ( 1 977) He i s a membe r of I he I EEE a n d the 
Amertcan As&ocratjon for Artiftcai intelligence, He 
was bom in New York City and lives in Cupertino, 
California. Jim's hobbies tnclude mountain bey- 
cling, windsuffmg, and skiing 



Randolph N. Splitter 




^ 



'•■■■■■ e member of the team 
■ji.^veloping MicroScope. 
Fir3ndy Splitter's respon- 
sibilities included the 
• .';ecution monitoring im- 
•iementation and user in- 
terface oJ the toolset. He is 
now a part of a group work- 
ing on an object-based 
programming environment 
fiandy hoJds a bachelor s degree jn English trom 
Hamilton College. NY (1968), and a PhD degree 
in English from the University of California at 



y 



i 



^.. 



Berl^etey (1974) His BA degree in corriputer and 
iftfom^ation sa^ences ts Uom the University of 
California at Santa Cruz (1983) Befwe j<nning HP s 
tnfo*Tmatjon Networits Div^s^on ne netd a post as 
assistant professor o1 Engtsh at the Ca.fi forma insi ■ 
lute of Technology In a previous HP project. 
Randy's assignrr*ents included writmg a reference 
manual for HP-flL. a knowledge representation and 
feason^rtg language He was born 'n Kew Gardens, 
NY Randy as roarrfed. has two daughters, and l.ves 
in Aptos Catifofnia 



Made L Chlarelli 

The static analysis compo- 
nent was Mark Chiareili s 
assignment m ttie devek)p- 
nent of the MicroScope 
l^^JJ^^ ¥ s^oftware. Since he jotned 
^^_^^iy!^J HP Laboratories m 1985. he 
^H|^^^^^E^2 nas spent most of his efforts 
^^^^^^^^m ^^ ^^ Common Lisp deveiop- 
W^^ J^^^A ^^^^ and inlefJigenL pro- 

's g ramming environments: 
Mark has s^nce focused his interests on the market- 
ing aspects of engineering, with particular em- 
phasis on academic institutions His BS degree in 
engineering and masters' degree m community 
planning are Irom the University of Cincinnati. 



Lucy M. Berlin 

IH Ll^^ ^^ R&D engineer at Ihe HP 

Hly^^^^^ Laboratories since 1984, 

H^^^^^BI Lucy Berlin was respons- 
ible for the design and im- 
pfementation of Ihe fvTicro- 
Scope user interface She 

i^_ _ has fieen instrumental in 

^^ ¥ developing many program- 

^^^L m»ng ai d s . i ncl udi ng the HP 

HHh Common Lisp Develop- 

ment Environment Her professional interests in- 
clude human factors m user interfaces, program- 
ming environments, and help systems. She is a 
member of the IEEE and a special-interest group 
Of ACM on computers and human enteraction 
Lucy's BA degree m physics and computer sci- 
ence IS from Queens C of lege. New York (1981). 
and her MA degree in computer science from Slan- 
lord University (19S3). She was born in Prague, 
Chechoslovakia, for recreation, Lucy likes hiking^ 
racquet ball, and tab la tennis. She also enjoys 
keeping up to date m physics, biology, and 
medicine. 



Since joining HP 
Laboralorfes in 1984, Vicki 
O'Day has been a member 
ol a teami working on a pro- 
gramming environment 
project. In the devefopment 
of the MicroScope pro- 
gram she participated in 
designing the execution 
monitoring component 
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Microscope also has been the subjeci of two pub- 
licaiions Vicki has coauthored, a paper given at the 
International Conlerence on System Sciences tn 
Hawaii and a journai articie She is a member ol the 
IEEE, the Association for Computing Machinery, 
and the A/nencan Association ior Artificial Intellc- 
gence, Vicki's BA degree in mathemaiics is from 
MrNs College (1979) and her masters degree in 
compuEer science is from the Umversety of Cali- 
fornia at Berkeley {1984). She was born in 
Albuquerque, New Mejcico, and lives m Menio Park 
Catifarnia. 
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Serge L. Rudaz 

Serge Ruda? was born in 
I Vevey, Switzerland, and. 
studied pJnysics at the 
Swiss Institute of Techno I - 
I ogy at Lausanne, where he 

received a Diplome 
I O'lngenieur-Physicien (MS 
' physics] in 1975. He 
served tn the Swiss army, 
serving as a radio operator 
inthe mountain ertikery^roop Serge continued his 
studies in physics at the Universsty of Illinois at 
Urbana'Champafgn (MS Physics 1976. PhD 1 963). 
He joined HP'sOptoelecrronacs Division in T985 as 
adevelopmeril engineer He worked on the AIGaAs 
LED project in the areas of metalli;fation and metaf- 
semiconductor interfaces, wa^er fabncaison de- 
velopment, and characterization Serge is the au- 
thor or coaut hor of 2 1 pape rs on nu c fear m agnet i c 
resonance and Mu spin resonance, and I he 
coaut h or of two p ap ers o n Al GaAs LEDs . His pro- 
fessional interests include nuclear ma gnettc reso- 
nance, chaos and fractals, and met at semiconduc- 
tor interfaces He is a member of the American 
Physical Society and the Swiss Society of 
Architects and Engmeers. Serge is married and 
lives in Sunnyvale, California. 



Chin- Wang Tu 

Ching-Wang Tu is currently 

' an engmeefing section 

manager at HP's Opioelec- 
I tronics Division. He joined 
HP in 19S4, after receiving 
a PhD degree from Col- 
I oradc State University 
Ching-Wang was respon- 
^^ S'bie for the deveiopmenl 
and the transfer of a pro- 
duction -sea I e w a f er fab rcati on an d die f a l3 r i c ati on 
process for the red AIGaAs LEDs to manufacturing, 
He is the coauthor of seven pobSished papers on 
epitaxial growth and material properties of corn- 
pound semiconductor materials. Ching-Wang's 
professional interests include epitaxial growth of 
Ill-Vmaterials using ghemcal vapor deposition, liq- 
uid-phase epitaxy, and moJecular-beam epitaxy. 
He Is also interested m device processing of LEDs 
and laser diodes, Hisouts-de interests include the 
game Go, hiking, tennis, volleyball, and watching 
football games. Chmg-Wang is a native of Taiwan. 
He currently lives m Cupertino with his wife and two 
children. 






Mtchael O. Camras 

Mike Camras studied efec- 
En cat engineering al the 
University of Illinois at 
Urbana-Champaign (BSEE 
1980. MSEE 1981, PhD 
1984) Heiomed HP in 
1984. As a development 
engineer on the red AIGaAs 
LED project, his activities 
LJ. encompassed both ahsorb- 
ing-i;.L.:.^;;.^;L a- j '.-^nsparent-substrate red 
AIGaAs LEDs Mike is the author or coauthor of over 
25 papers on ]J t-V semiconductor tasers and LEDs, 
and is a member of the American Physical Society . 



Dennis C^ DeFevert 

.IBp tf ^^^H ^^^ "^ Phoenix, Arizona, 
r ^^^^M Dennis DeFevere worked 

as an R&D engineer at Fair- 
child Semtconductor for 
seven years before joining 
^~fl^<M^B^H HP in 1973. One ol hisear^ 
"I h^^^^T ^^ I ier assignments at HP was 
"* •^^^ [he development of an 

epitaxy process for GaAs 
/ field effect transistors. On 
ttie red AIGaAs project. Dennis was responsible for 
the design and construction of a liquid-phase 
epitaxy reactor and the development of an epitaxy 
process for production of the red AIGaAs LEDs. 
After serving four years in the U S. A? r Force, Dennis 
attended the University of Arizona from 1957 to 
1961 to study engineering science. Dennis has 
three patents, two on an apparatus for liquid -phase 
epitaxy and one on gas-discharge displays He is 
also the coauthor of two papers on high-efficiency 
red LEDs. His prolessional interests include crystal 
growth and epitaxy, and he is a member of the 
fNforthern California Crystal Growers. His hobbies 
and outside interests include golfing, skjing, opera, 
and radio-controlled model airplanes, and he is a 
member of the San FrancEsco Opera Gu' Id. Dennis 
ismarned. has two children, and lives in Palo Alto, 
Cafifomia- 



Wayrte L. Snyder 

P With HP since 1 970, Wayne 
Snyder is currently an R&D 
project manager at the 
OptoeEectronics Division. 
He was project reader for 
the red AIGaAs LED proj- 
ect, Wayne stud fed electrt- 
cal engineering at the Uni- 
versity of Pennsylvania 
& (eSEE 1965) and at Stan- 

ford University (MSEE 1966. PhD 1970). He has 
worked on the devetopment of VPE. LPE. and 
MOCVD epi I aj^ia I processes, and on various visible 
and infrared LEDs. He is the author of 1 technical 
articles and conference proceedings on LEDs and 
LED materials. Wayne was born in East on, Pennsyl- 
vania, and currently lives ^n Palo Alto, California. He 
IS married and has two children, tn his spare time, 
he enjoys bask^baN, skiing, and volteyball. 




Louis W. Cook 

A native of Henry, IHInois, 
Louis Cook attended the 
University of Iflinors, earn- 
ing a BSEE degree in \ 978. 
an MSEE degree in 19B1. 
and a PhD degree m 1 982 
HepmedHP in 1962 and 
worked as a development 
engineer on the large- 
chamber GaAsP(N} vapor- 
phase epitaxy project. He is currently working on 
transparent-substrate red AIGaAs LEDs, Lou has 
authored owe^ 30 papers on compound semicon- 
ductors. Hehass ubmittedtwopatenldisdosu re s 
for trans pa rent -substrate red AIGaAs LEDs. Lou is 
single and lives in Santa Clara, California Hjs hob- 
bies and interests include hiking, camping^ photo- 
graphy, and geology. 



David K. McElfresh 

O David McElfresh attended 
the University of Calilorma 
at Davis where he earned 
a BS degree m electrical 
' ■ engineering and material 

scsence m 1980, and MS 
a n d Ph D deg ree s in m ater- 

I science in 1982 and 
1984, respectively. He 
ifi \ joined HP in 19B4 David 
worthed on developing the AIGaAs processing 
technology and transferring the processes into pro- 
duction for the red AIGaAs LED project. Currently 
he IS doing the same for trans parent -substrate 
AIGaAs processing. David has published almost 
20 papers covenng such subjects as nuclear 
waste, diffusion in glasses, the structure of glasses, 
the thermodynamics oi glasses, and AfGaAs de- 
vices He is a member of Ihe Northern California 
Crystal Growers. David is a native of Savannah, 
Georgia, and currently resides with has wife in 
Union City, California. 
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Frank M, Steranka 

^^^^■^H|^^^H A native of Pittsburgh, 
^^^^^HB^^^I Pennsylvania. Frank 
^^^^^^W|^B Steranka studied electncal 
^^■^■^^^^^l cngineehng and physics at 
^^Q^^J|H t h e U n i versify of P i tt sb u rg h , 
^■■^HV^I earning both BSEE and BS 
^^^^^^^m degrees ^n 1976. He con- 

^^ ^m t i nued his Study of phys i cs 

J jjr" at the University of Illinois, 

,.>-M>J earning an MS degree and 

a PhD n 19SC i?ind 1984 respectively He joined 
HP's Optoelectronics Division in 1 984 He worked 
on characterisation and rah ability studies of the red 
AIGaAs LEDs and on the deveiopmenl of an ap- 
paratus for semiconductor characteriration. Frank 
>s the author or coauthor of six papers on exc-tons 
and electron-hote kquid in silicon and germanium, 
and the coauthor of two papers on red AIGaAs 
LEDs. He is a member of the American Physical So- 
ciety, and his professional interests include solid- 
state physics, semiconductors, and optoelec- 
tronics Frank is married, has one child, and lives 
in San Jose. Cattforma. His leisure interests include 
basketball, camping, and photography 
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Microscope: An Integrated Program 
Analysis Toolset 

MicfoScope supports evolutionary software developmer}t 
by helpir}g programmers uriderstand complex programs 
written In Common Lisp, 

by James P. Ambras, Lucy M. Berlin, Mark U Chiarelli, Alan L Foster, Vickl 0*Day, 
and Randolph N. SpNtter 



PROGRAMXfERS OFTEN NEED TO MODIFY existing 
programs for the purpose of fixing bugs, adding fea- 
tures, or integrating these programs into new hard- 
ware or software environments. Sinne this task is time-oon- 
suming and error- prone, the maintenance (evolution) of 
existing software is one of the most inefficient activities in 
the software life cycle. 

The main reason for this inefficiency is the difficulty 
programmers have in understanding the increasingly large 
and complex programs made possible by advances in com- 
puter hardware. Such programs may evolve over a long 
period of timet during which programmers may forget the 
details of code they wrote earlier. They may also forget the 
higher-level design decisions behind the code. The diffi- 
culty is compounded when the person who is tr>dng to 
understand the program didn't make the original design 
decisions or didn't write the original code* 

Most programmers today approach the task of program 
understanding as they have for the last twenty years — by 
analyzing source code listings, reading documentation, and 
asking questions of local experts. These techniques are in- 
sufficient for large and complex programs. Programming 
environments that support evolutionary software develop- 
ment must include tools that help programmers understand 
complex programs. 

MicroScope, an experimental program analysis system 
developed at HP Laboratories, tries to provide such tools. 
But MicroScope is not a loosely coupled collection of un- 
related utilities. It is designed to be an integrated set of 
tools that share common data and a uniform user interface. 
The fact that information is shared means that the user 
does not have to transfer data manually from one tool to 
another. The uniform interface makes it easier for the user 
to switch from task to task. Moreover, this interface is 
graphical and interactive. The visually oriented, two- 
dimensional way in which information is presented makes 
such information easier to retrieve and easier to assimilate, 
The mouse-based style in which users point at the items 
they want to select simplifies the task of entering com- 
mands and queries. 

The information MicroScope uses is stored in a memory- 
resident data base composed of record -like complex data 
structures with named components (attributes). Such com- 
plex data structures are usually called objects,* Objects 
with the same attributes are created as instances [members) 
of the same type or class. This layer of abstraction makes 



it easier to deal with complex information. 

Since MicroScope is a research prototype, it does not try 
to provide a complete set of program analysis tools. The 
current system includes a static component that analyzes 
the cross-reference structure of a program and a dynamic 
component that lets users monitor the run -time behavior 
of the program. Together, these components can help a 
programmer understand the relationships between differ- 
ent parts of a program, see how those parts interact during 
the running of the program, and locate the sources of bugs 
in a program that doesn/t work as expected. Both compo- 
nents maintain a rich representation of date that allows 
them to respond to a wide range of complex user queries 
and requests- The dynamic component also employs rule- 
based reasoning so that it can more easily monitor complex 
execution events while enabling the user to specify these 
events in a simple, high-level way. 

The current MicroScope prototype analyzes and moni- 
tors programs written in Common Lisp. It also provides 
some support for CommonObiects, an object-oriented ex- 
tension to Common Lisp.^ The code examples presented 
in this article are given in Lisp, but most of the features of 
MicroScope are applicable to conventional languages. 

The next section of this paper discusses some related 
work. The section after that describes the graphical inter- 
face, at the same time giving an over\^iew of the capabilities 
MicroScope provides- The subsequent section discusses 
MicroScope "s cross- reference analysis component in greater 
detail, including representation and implementation issues. 
The final section does the same for MicroScope's execution 
monitoring component. 

Related Work 

Graphical f mouse-based and window-based) interfaces 
are now becoming common. These interfaces originated in 
programming environments such as those created for 
Smalltalk^ and Interlisp-D.^"' The Smalltalk environment 
introduced the concept of browsers, two-dimensional pre- 
sentations of a collection of items that let one i^oom In on 
the contents of individual items- The browser construction 
toolkit used by MicroScope provides the ability to display 



'In thd current MicroScope proiolype. static Inlofmation ar\dt dynemtc inlormaittort are stored 

in WQ dft^Brmt kinds of t}tijdGE-(ik& data glruoturos, &% expialnod latiir In \hi^ pape^ For 
mcHe distilled explanainons of ^rrm of the data repms^ntaEion and ri^s^ning terrns m^n- 
noned in tin is article [efms such as cLass t^amn ^ir^r and njJfi-^'fle refererrce i 
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various kinds of collections in a variety of ways. 

Microscope's table-driven approach to static analysis, 
similar to the approach taken by Masterscope^^ for the 
Xerox Interlisp environment, separates semantic informa- 
tion from the control structure of the code analyzer. This 
separation makes it easier to adapt the analyzer for use on 
other dialects or languages. 

Existing debugging tools generally allow users to trace 
function calls, monitor variables, and set breakpoints. 
Some tie debugging actions to user-speciflyd events or con- 
ditions.^"^' MicroScope differs from these in allowing the 
user to specify event combinations and conditions in a 
declarative (higher-level) way. It also lets the user make 
use of cross-reference information derived by the static 
analysis component. 

MicroScope stores program analysis data in object-like 
data structures that are accessible by different components 
of the system. The idea of storing program information in 
a shared (and persistent) data base of complex objects, 
rather than in text files, underlies the design of many cur- 
rent experimental programming environments, including 
the Common Lisp Framework system (CLF) , ^^'^'^ Garden,^ ^'^'^ 
and others, ^^ 

MicroScope itself is based on a prototype developed by 



Jed Krohnfeldt at the IJniversily of Utah,^^ 

Graphical User Interface 

Microscope's graphical user interface is built upon the 
X Window system, the XRLIB user interface toolkit library,^^* 
and an experimental software development environment 
called Ivo, 

In this environment, multiple windows, some overlap- 
ping others, can be visible on the screen simuitaneously. 
like documents on a desk. Fig. 1 show^s a .sample screen. 
The narrow rectangle at the top of most of tlie windows is 
a tjilebar, which identifies the window's contents. Many 
windows also have narrow^ rectangles containing scroJJbars 
along their right and/or bottom edges. Scrollbars allow a 
user to see parts of a buffer not currently visible in the 
window. 

A user of this graphical interface can type characters into 
editing buffers and can issue some keyboard-based com- 
mands. But most of the work of switching between win- 
dows and issuing commands in general is done by means 
of a device called a mouse. Moving the mouse moves a 
special mouse cursor on the screen; clicking a mouse button 
applies some operation to whatever item the mouse (i.e., 




Fig. 1. A sample MicroScope screen. 
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the cursor) is pointing to. Actually, mice may have more 

than one button; in the current MicroScope system, they 
have three. Yon can click one of the mouse buttons [press- 
ing and feleasing the button while the mouse and the mouse 
cursor are stationajTi^) or drag the mouse (holding a button 
dowTi while moving the mouse]. Which command is in- 
voked depends on the Item the mouse is pointing to^ which 
mouse button is pressed, and whether the mouse is clicked 
or dragged. For example, clicking the left button when the 
cursor is on a window's titlebar brings that window to the 
"top" of the display * 'above" other vdndow^s (or pushes it 
to the bottom if it's already hiily exposed). Chcking the 
right button m a scrollbar region scrolJs the window for- 
ward, making the next *'page" visible^ 

The sample screen in Fig. 1 shows four types of windows: 
buffer windows, icons, panels [dialogue boxes), and brows- 
ers. The window labeled with the long file name and the 
one labeled Transcript are buffer windows. They contain text 
that can be edited. The tiny window in the icjwer-right 
corner (Ivoterml is au icon, which is the shrunken counter- 
part of some other, full-sized window, usually one that is 
hidden from view. Clicking with the mouse over an icon 
restores the full-sized window^ to the screen, making it 
appear as if the icon were expanding to its normal size* 

The windows labeled Programmer's MicroScope and Static 
Queries Panel arc XRLIB paneJs- Like menus, panels eniihle 
a user to make a selection from a list of items or commands. 
But panels allow more complex interaction. They let the 
user make selections from multiple sets of items, not just 
one. They let the user select more than one item from a 
given set of choices. They let the user enter and edit text 
for the cd^ses in which a complete set of possible choices 
is not known. Unlike pop-up or pull-down menus, panels 
remain visible on the screen, letting the user make muitiple 
choices, edit text, and make changes in the selections that 
have already been made. Like men us » panels can be "cas- 
caded**: selecting certain commands can bring up addi- 
tional panels. 

The terms menu and panel lie. control panel) imply 
somewhat different kinds of interaction models. In the 
menu modeJ, the user selects one item from a vertical list 
of text items on the screen. In the control panel model, the 
user pushes buitona to make choices and give commands. 
For example* the rectangular/elliptical "buttons" with 
rounded corners are called pushbuUons. The lahels inside 
these buttons represent commands. Clicking the physical 
left button of the mouse w^hen the mouse cursor is over a 
graphical pushbutton causes the specified command to be 
executed immediately. The small, circular buttons with 
adjacent labels are called radlohution^^ Clicking the mouse 
when the cursor is an a radiobutton [in the circle) causes 
the associated item to be selected (the circle is "filled in"). 
The item may represent a command, but the command is 
not immediately executed. Selecting one radiobutton item, 
like push ing a hutton on a car radio, causes the last selection 
to be deactivated: only one item in a set of radiobultons 
can be active at any one time. A third kind of graphic:al 
button, consisting of a small square and an adjacent labtfl 
of text, is known as a checkbox. Clicking on the square 
selects the associated item but doesn't deactivate the pre- 
vious selections; all checkboxes selected remain filled i u. 



The long, horizontal rectangle in the Static Queries panel 
is a single-line text-editing buffer, in which the user can 
enter or edit a line of text. Muitipie-line buffers are also 
available. 

The remaining windows contain broivsers. which dis- 
play collections of graphical or textual items in different 
ways, Brou^sers permit various operations to be performed 
upon the individual items or upon the collection as a 
w^hoie. One such operation is the action of brojvsing into 
a given browser item, which shows the contents of that 
item or displays more information about it, possibly in 
another browser. For more information about browsers, see 
the box on page 76. 

Exploring Static Structure 

MicroScope provides both static and dynamic informa- 
tion about a program. The static information, which is in- 
dependent of the program^s execution, consists of cross- 
reference relations among the program *s functions and 
variables. 

To initiate static analysis of a set of files and retrieve the 
cross-reference information that has been acquired, a Mi- 
croScope user may either call special Lisp functions or use 
the interactive, graphical interface described here. The 
programmatic interface provides more options, but the 
graphical interface is generally more convenient to use and 
displays information in ways that make the information 
easier to assimilate. 

Microscope's top-level control panel contains several 
pushbuttons [see Fig. 1). Clicking on the pushbutton 
labeled Static Analysis Database brings up another panel. 
Selecting the appropriate radiobutton and entering the file 
name(s) in the editing buffer causes MicroScope to analyze 
the source code contained in those files. After the files are 
analyzed » an Analyzed Functions Call Graph browser* showing 
the static call relationships among the l:unctionSt appears 
automatically [Figs, 1 and 2). Lines going from left to right 
connect each function with the functions it calls. Each 
function appears wherever it is called, so that a given func- 
tion may appear several times. A screen-dump program 
can be used to generate a hard copy of the graph. [The 
screen images used in this article were genenjhfd in this 
wayj The graph can be very large, but one can scoll the 
graph by clicking on the horizontal or vertical scrollbar to 
show information not currently visible. 

Pop- up menu commands associated with the Call Graph 
browser allow a user to get more information about the 
functions listed in the graph. One of these commands, 
Browse Call Tree, creates a new browser that displays {on a 
larger scale] a call graph starting at the ctirrenliy selected 
fujiction. Similarly, Browse Detinjt ion pops up a nevv window 
showing the appropriate source file and positions the cur- 
sor at the beginning of the function definition. The com- 
mand Highlight Self shows all the places in the graph where 
the function appears. Other conmiands result iu the func- 
tion node being "decorated*" by its formal parameter list 
or the name of the file in which it is defined. 

Additional radiobutton selections on the Static Analysis 
Database panel make available textual browsers that contain 
indexes of the analyzed files, functions, and variables in 
I hi! data base. These browsers abt] have pop- up menus 
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associated with them. 

rf one wants to ask specific questions about the program *s 
cross-reference relationships^ one can return to the top- 
level panel and click on the pushbutton labeled Static 
Queries. In the Static Queries panel [Fig* 1)^ one can name a 
function or variable and select a particular command or 
query. The available commands and queries include Show 
definition, Who calls, Wlio binds, and so on^ One can specify an 
item by typing the name into the editor or by copying a 
name that has been selected in an existing buffer or browser 
(e-g., a source code buffer or call graph browser).* Copying 
the item saves typings avoids typing mistakes, and makes 
it unnecessar>' to switch back and forth between the 
keyboard and the mouse. 

Since the item specified in the editor remains selected 
until it is replacedt the user can ask a foUow-up question 
about the current item simply by clicking on another 
radiobutton and then pushing the Confirm button. 

The scrollable Transcripr window fFig. t] records each 
query and its answer. 

^Dragging the mouse cursoi over a rsgron o\ lext while the Jeit burton is dawn sefects thai 

pi&ce Dl i@xt Cficking the tight bultori wtien ths cursot i$ over a panei editor copias the 
senecled text to Ihe editor. The wnole process is l-ke physical cutting and pasting, tsul not 
as m^sy. 



Monitoring Execution Events 

Besides providing static cross-reference information 
about a program » MicroScope allows one to monitor the 
program's execution. One can specify source-level events 
one wishes to monitor and actions one would like per- 
formed when these events occur. 

Pushing the Dynamic Analysis button on MtcroScope's top- 
level panel causes the Ex^cLttion Monitor Request panel (Fig. 
3) to appear. By clicking on the appropriate radiobutton in 
this panel, the user can select whether a single event or a 
combination of events should be monitored. Pressing the 
Event Menu pushbutton causes a new, Execution Monitor Event 
panel to appear on the screen. A set of radiobuttons on this 
panel enables users to specify the kind of event they want 
to monitor [function invocation, variable reference, etc.). 
They can list the name{s) of the functions or variables 
explicitly by typing them into the text editor or by copying 
them, via the mouse, from existing buffers or browsers* 
They can also specify a static cross-reference relation which 
MicroScope can use to determine the functions or variables 
it needs to monitor. 

The way to specify a static relation is to click on the 
pushbutton marked Static Condftion. Another panel will pop 
up. offset from the first two panels. This panel allows the 
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Fig, 2, A Functkon CaW Graph browser. 
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Fig- 3. (Top) An execution monitoring request wKh the monitored ttem specified by a stauc 
conditson. (Bottom) The result of the static condition. 
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The Browser Construction Toolkit 



The browser toolkit (part of the Ivo software devefopment en- 
vironment) provides a framework for constructing browser-styte 
interfaces. This toolkit assumes a three- 1 aye red model of a 
browser and its contents. The bottom [semantic) layer con si sis 
of whatever data the browser is "viewing/ The semantic layers 
of \licroScope's browsers correspond to objects containing stat- 
\c or dynamic information about a program, 

The middle {manipulation} layer consists of objects that 
mediate between the semantic data and the view of the data 
that is presented in the browser. The objects in the manipufalion 
layer do not know how to draw themselves on the screen; they 
simply contain informatian thai has been extracted from the 
semantic layer. Manipulation objects are created during the con- 
struction of the browser. 

The highest of the three layers is {\^e presentation layer, which 
supplies various building blocks for displaying information, in- 
cluding text, tree diagrams, coUections arranged in various ways, 
and buitons of various kinds. These building blocks (views) are 
combined according to layout rules that prescribe how particular 
kinds of objects should be displayed One set ol rules may stale, 
for example, that a 'lunction*' manipuJation object, when dis- 
played as a node in a tree, should be represented by its name 
(a text slnng). 

Thus the browser toolkit separates presentation from seman- 
tics, making it possible to display different information via the 
same basic views and to display the same information in a variety 
of different ways. By providing standard views, a way of linking 
them to the objects that contain the needed information, and a 
way of combining them, the toolkit makes it easier to present 
information in a meaningful and consistent way. 



user to select the appropriate static attribute and to hidicate 
a related function or variable. In the example illustrated 
in Fig. 3, selecting the event type function- invoked in the Event 
panel, selecting the cross-reference relation references, and 
specifying the variable *c-numbers* asks MicroScope to 
monitor invocations of all functions that reference the vari- 
able 'c-numbers*. The data base of stalic information is acces- 
sible during the formulation of execution monitoring re- 
quests; Microscope's static and dynamic components can 
share information without special intervention by the user. 

Similarly, a MicroScope user can call up a Dynamic Event 
Condition panel to specify a condition that will be checked 
at run time [such as the value of the variable being refer- 
enced!. Dynamic conditions do not determine which func- 
tions or variables should be monitored. Rather, they deter- 
mine whether the event that occurred should trigger the 
corresponding action. 

Another pushbutton on the top Execution Monitor Request 
panel, marked Action Menu, triggers the appearance of a panel 
that allows one to specify an action to be performed when 
the indicated event occurs- One can specify multiple events 
or actions by selecting the Event Menu and Action Menu 
pushbuttons as many times as one wants. 

The panels needed to specify an execution monitoring 
request are cascaded: pushing a button on one panel causes 
another one to pop up. Pushing a Retum button on the child 
panel hides tiiat panel and moves the mouse cursor back 



to the parent panel. Because selections are distributed over 
several panels and panels are displayed and hidden as 
needed, a user can make many choices without becoming 
overwhelmed by the number of possible combinations, in- 
deed, the graphical interface enables one to specify com- 
plex combinations of events and conditions without having 
to use a complicated command language. 

Each parent panel shows information from its child 
panels in summary form. In particular, if you ask Micro- 
Scope to use a static condition to determine which func- 
tions or variables should be monitored, the resuJts of query- 
ing the cross-reference data base are displayed in the Execu- 
tion Monitor Request panel. In Fig. 3. the one function that 
references llie variable 'c-numbers' ts listed: c-math. 

Besides providing the ability to spawn new child panels, 
various pushbuttons on a parent panel enable a user to 
remove an existing child panel, thereby removing an event* 
condition, or action from the monitoring request, or to re- 
display the panel to see the information in fuller detail or 
modify it. Other pushbuttons on the Execution Monitor Request 
panel enable the user to change the order of multiple events 
or actions. 

The monitoring request isn*t Iranskiled into its infernal, 
rule-based representation until the user pushes the Confirm 
pushbutton on the Request panel. Delayed confirmation per- 
mits users to compose complex requests as they go along, 
possibly changing their minds along the way, rather than 
forcing them to specify the information correctly all at once. 
Waiting for confirmation also avoids needless computation. 

Confirming a request hides the Request panel and brings 
one back to MicroScope's top-level control panel A 
pushbutton on this panel lets one initiate the execution 
and monitoring of a program. Clicking on this button brings 
up another panel containing a multiline editing buffer. As 
usual, one can type in the Lisp expression to be executed 
or copy it from another buffer by cutting and pasting. 

During execution, a graphical Execution History browser 
[Fig. 4] appears automatically and is dynaniically updated 
as the program runs. This browser displays a tree whose 
nodes are the monitored events that actually occurred. (The 
parent of a variable event node always represents the func- 
tion call that set, bound, or referenced the variable, whether 
or not there was an explicit request to monitor that function 
calk] As in the case of the static Call Grapti browser, the tree 
of events can be very large, but one can use the horizontal 
or vertical scrollbars to move around the tree as needed. 
A pop-up menu associated with the browser provides other 
options, letting one see the information associated with a 
given event (e,g., variable value, function arguments, func- 
tion return value). 

The actions specified in a monitoring request may cause 
additional information to appear on the screen. For exam- 
pie, the contents of variables may be displayed [dynami- 
cally) in separate windows. The user can examine this 
information or explore the Execution History browser when 
the program has finished executing. But one can also sus- 
pend the program during its execution by letting the sus- 
pend action be triggered by an execution event or, interac- 
tivelyt by clicking on a pushbutton attached to the Execution 
History brow^ser. After examining the information available 
when the program is suspended, the user can click the sbon 
or continue pushbutton. 
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Using Templates in 
Cross-Reference Analysis 

ig piece of code uses the Qjmnnon Lisp speciai 



(case sequence-lyp© 

(list (cfeaie-iisl} (nottPy-tj^er}) 
(aimy (cneaie-array))) 



The ease form evaluates its first argumefit (sequance-type] and 
matches the result against a series of constant "keys ' (the first 
elemenrs of the following subdsts — (n thts case, list and array)- 
The keys are not evaluated it any key matches the origfnal test 
result, the remainir^g expressions m the subifst are executed 

When Trying to find a lempiaie that matches this expression, 
the pattern matcher notices that the expression is an unquoted 
list. The matcher checks the first element of the list to see whether 
that element is the name of a special form or macro that has a 
corresponding template. It is, so the matcher applies the following 
template to the expression 

[use eval (repeat (constant (repeat eval})}] 

The template symbol use corresponds to the mvocatpon of a 
function, macro, or special form. The special symbol eval corre- 
sponds to a recursive ca It on the pattern matcher. The matcher, 
finding that sequence-type is an unquoted symboi, will match it 
with the template symbol test, meaning a variable reference 

The special operator repeat repeatedly matches its arguments 
against the remaining subexpressions in the expression being 
analyzed In this case, the first repeal has one argument, the 
template list beginning with the symbol conmant. This template 
Jist IS matched against each subltsi of the case form in turn. The 
symbol constant corresponds to the unevaJuated key The next 
repeat template corresponds to the rest of each subJist 

The effect of this second repeat operator is to match its one 
argument, the symbol evai, against each subexpression in the 
list — in other words, to search for a template matching each 
subexpression, In this example each subexpression is a function 
cail form (not a macro or special form with its own specjai 
template), so that the default function call template is applied to 
each such form, 



Static Program Analysis 

Microscope's static atialysis component collects cross- 
reference information about functions and variables. The 
^aphical interface greatly simplifies the interaction be- 
tween MicroScope and the user, but the programmatic in- 
terface — ^a sel of Lisp functions with various keyword op- 
tions— cjffers a somewhat wider range of capabilities, in- 
cluding the possibiiity of combining predefined functions 
into a more specialized, user-defined query function. The 
programmatic interface also allows the user to work in a 
basic Lisp environment, without X- Windows-based 
graphics. 

Queries 

Program nifitic and panel-based queries let the Micro* 
Scope user retrieve cross-reference information from an 



existing data base. The Static Queries panel in Fig. 1 shows 
an example of a panei*based que^^^ 

The names of program components, including the names 
of source files, often provide clues to their purpose. For 
this reason MIcroScope includes a query that relnms a list 
of the names of all components of a particular type (files, 
functions, or variables). The query Where ctefined returns 
the full pathname of the file in which a given function is 
defined. 

Like most crDSS-reference systems, MicroScope can pro- 
vide a list of the functions called by a given function (Wtw 
is cailed tjy). In addition, the quer>^ VVho calls lets one obtain 
the names of all the functions that call a parti culaj function. 
One can also see the whole tree of functions that are called, 
directly or indirectly, by a root function. 

In Common Lisp, local v^ariables have lexical scope: they 
can be referenced only within the lexical (textual) construct 
in which they w^ere introduced. Because it is usuaHy easy 
to track such references dowm, MicroScope's default be- 
havior is not to collect cross-reference information for local 
variables. (That option is available, however.] Global [spe- 
ami] variables cati appear anywhere in the program. In the 
case of the.se variables, the cross-reference information that 
MicroScope collects helps one to locate the places, often 
scattered in the program's text, where their values are ac- 
cessed or modified. 

MicroScope keeps track of three cross-reference relations 
involving variables: which functions set them (assign a 
value to them via a Lisp assignment form), which functions 
bind them (give them a value in some other way), and 
which functions reference them (access their current 
value). Besides asking which functions refer to a given 
variable, the user can find out which variables are set, 
hound, or referenced by a given function. 

The query Describe returns all the cross-reference informa- 
tion that MicroScope has about a particular program item. 
For example, the Transcript window in Fig. 1 shows the 
result of invoking the Descritie query on the function c-math. 

Data Representation 

In the current MicroScope prototype, cross-reference in- 
formation is stored in a memory-resident data base of struc* 
tured objects.* Each kind of program item (including func- 
tions, variables, and files) is represented by a particular 
object type. The slots (camponents) of these objects, repre- 
senting attributes of the program item, contain cross-refer- 
ence information. For example, a ftinction object contains 
such slots as file* arguments ► binds^ references, sets, uses (i.e., 
calls), and used-by [called by). A variable object contains 
such slots as bound -by, referenced-by, atid set-by. 

Notice that a function object has slots containing the 
names of both the functions it calls and the functions it is 
called by. Having both of the.se slots is redundant since 
the relations are inverses of each other, but this redundancy 
makes access to the information quicker. Instead of figuring 
out all the functions that call function foo by checking the 
uses slot of all analyzed functions in the data base, Micro- 
Scope can simply check the used-by slot of function foo. 

The values of slots that represent inverse relations must 
remain consistent. MicroScope uses daemons — pieces of 

■ Ihese obieots are Comfnon Lisp jitrucEures inat have &e«n au^msnied m certain wa^ 
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code attached to a slot and executed when the slot is ac- 
cessed or modified — to maintain tiiis consistency. If the 
reference to function b on the uses slot of function a is 
deleted » a daemon attached to this slot will remove function 
a from the used-by slot of function b. 

Implementation of the Cross- Reference Analyzer 

MicroSfJope determines relationships among program 
items by using a table-driven cudewalker that matches 
templates against the source cadB. Since all language-de- 
pendent semantic information is isolated in the table, the 
templates could be replaced or modified without changing 
the overall architecture of the analyzer- Using modified 
templates, one could analyze a different dialect of Lisp or 
even a language other than Lisp. Since the cross-reference 
analyzer is not tied to a particular compiler or preprocessor, 
it is not implementation dependent. 

In general, the templates MicroScope usew are lists of 
symbols. Each symbol in this list matches an element in 
the Lisp expression (fist) being analyzed. The correspon- 
dence between the template symbol and the program Item 
establishes what kind of item it is or what kind of semantic 
action is being apj;lied to ft. For exam fjle^ the symbol vanable 
means that the corresponding variable is a new lexical 



(local) variable. The symbol set means that the correspond- 
ing variable is being assigned a new value. The symbol test 
means that the corresponding variable is being referenced. 
The symbol use means that the corresponding function [or 
macro or special form) is being called. 

In addition to these symbols* which match program items 
directly, the first symbol in a template (or subtempiatej list 
may be a special pattern- matching opemtor thai applies 
the rest of the li.^t (its org u merits) to the corresponding 
source code expression in some way. For example, repeat 
repeatedly matches its arguments against the elements of 
a Lisp list. Other operators apply a particular function to 
the Lisp expression, either to extract some information from 
the expression or to transform it so that another template 
can be matched against it- Another special symbol, evai, 
searches for the right template to match against the Lisp 
expression. 

How is the right template found? If the Lisp expression 
being analyzed has the form of a function application {he,^ 
an unquoted list]» MicroScope checks whether the function 
is actually a macro or special form: if so, it applies the 
appropriate template to the expression. There are indi- 
vidual templates for some Common Li.sp macros and aJl 
special forms. If MicroScope doesn't recognize the function 
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Rule-Based Execution Monitoring 



In thts ex^nple all the a/guments of function too are intended 
to be numbers. To check whether this fum^tioo is ever called with 
a no^~numerJcaJ argument, me user tells MjcroScepe to monftor 
all applications of the function and suspend the program if any 
argumefit is not a number In Fig t, the user has checKed the 
i30x (a&eled fitndkMvappued and has specified the name of tha 
function, loo, 



The user has also specified a dynamic condilion. to be tested 
at run nme, which cheeks whether the list of evaluated arguments 
(ai^vaHie-Hst) satisftes ths predicate rxjcM^wmenc-arg-p. which the 
user has defined This predicate checks each argument and 
returns true if any argument is not a number 

The action specified ?s to suspe«j the program Tlie Execution 
^^^sry browser will appear automatically, displaying nodes cor- 




jjELieTiaki^ ^irytT > ^tmoAd^m-bor 



Fig. 1 . An execution monitoring fBquest. 



as a macro or special form, it applies the generic function/ 
macro application template to the expression. The form of 
this template is: 

(use (repeat eval)) 

The symbol use, meaning function call, is matched 
against the function name, and the pattern-matcher is 
applied recursively to the remaining elements of the list 
(the function's arguments). 

ff the expression being analyzed is a quoted expression, 
a keyword t or some other constant, the expression is 
matched against the template symbol constant. Otherwise 



the expression is treated as a symbol to be evaluated, that 
is. a variable reference (matched against the symbol test). 
Templates for such special forms as setq and Eel determine 
when a variable is being set or bound. 

More information about templates can be found in the 
box on page 77^ 

Execution Monitoring 

Events and Actions 

Besides providing static cross-reference information 
about a program, NticroScope allows one to monitor events 
that occur while a program is running. Monitoring these 
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responding lo each appHcation of the monttored function, but 
the program will not be suspended unless the condition as- 
sociated with the monitorec] event is also met 

When the user confirms thss request, it is automatically trans- 
lated fnto an HP-RL fofward-chaining rule of itiis l^lnd 

m (AM D { ?event 1 A PPLl ED ?seq-n u mber2) 

(?evenn NAME FOO} 
[?event1 ARG'VALUE^UST7value3)) 

THEN: (MONHOR-SUSPEND^ 

Although the request specified a single event, the premise of 
the rule is a conjunction (logical and) of clauses. The three terms 
in each clause (constant or variable) correspond to an event 
frame, the name of a slot on the frame, and the value of that slot; 
terms beginning wrth a question mark are variables. The first 
clause ensures that the event is a function application (the actual 
slot value, a sequence number that is unique for each event, 
doesn't matter) The second clause ensures that the name of the 
function is conect. The last clause corresponds to Ihe dynamic 
condition on the function's arguments. 

A type resiriciion on the variable Teventi ensures that the rule 
is invoked for the correct kind of event frame. A type restriction 
on the variable ?vatuo3 causes the predscate that checks whether 
the function's arguments are numeric to be applied 

If, during the execution of the program, funciion loo is called, 



a MicfoScope routine attached to the Lisp interpreter creates an 
HP-RL frame corresponding to this event and stores information 
about the event on the frame's slots: 

Frame; ^fu^>clion-ca!l 1} Class: { FUMCTION^CALL} 

NAME: FOO 

APPLIED: 1 

ARG VALUE-LIST: (1S3J 

Forward chaining rules are triggered by changes in the frame 
data base, The assertion (stonng) of a slot value on the event 
frame, in this case when the frame is created, triggers any rule 
with a premise clause matching that piece of information, To 
avoid triggering the same rule multiple times, only one such 
assertion is allowed to trigger a rule (namely, the assertion that 
records the sequence number). 

Since this assertion does match a clause in the rule given 
above, the rule is triggered with the frame vanable bound to the 
new even! frame. The HP-RL rule system then matches the other 
clauses against the information on the event frame. The system 
checks whether the value of the nama slot matches the one in 
the rule, it does. The system looks up the value of the arg-vaiue-iist 
slot and applies the specified predicate to it. If the predicate is 
satisfied, the entire premise succeeds, and the action specified 
in the rule's conclusion is performed: the program is suspended. 



events can help one trace the dynamic behavior of the 
program and locate the sources of bugs. 

The kinds of events MicroScope is currently able to 
monitor are function calls (either before or after the func- 
tion's arguments are evaluated) and variable references, 
hindings. and assigrnnents. As indicated earlier^ one can 
hst the specific functions or variables to be monitored by 
naming them explicitly, but one can also make use of exist- 
ing cross-reference information to indicate a set of func- 
tions or variables that meet a certain statically determined 
condition. Given that condition, MicroScope determines 
(at request time) which functions or variables it needs to 
monitor. 

The user can also set dynamic condltiouit on events — for 
example, that the function being monitored must have cer- 
tain arguments or that the variable being monitored must 
have a certa i n val ue. In th i s case another level of ind irect ion 
is possible. Instead of specifying arguments or values thai 
the actual run-time values must match, the user can supply 
a Lisp predicate that the actual values must satisfy. Any 
value satisfying that predicate satisfies the dynamic condi- 
tion. The actions associated with an event will not be per- 
formed unless the dynamic conditions on the event are 
met at run time. 

Besides specifying individual events, one can also ask 
MicroScope to watch for a logical or temporal combination 
of events. In these cases the specified actions will be taken 
when and if all the events occur (AND), if any of the events 
occurs (OR), or if all of the events occur in the order 
specified (SEQUENCE). The AND and OR combinations are 
not concerned with the order in which events occur, while 
SEQUENCES are. The ability to specify the order of events — 
for exam pie H that a given function sets a variable after it is 
called by another function — -allows the user to zero in on 
critical moments in the program's execution. 



Source-level debugging allows programmers to think 
about bugs at the same conceptual level as they think about 
the code they write. But MicroScope does more than this: 
it gives the programmer the ability to specify events de- 
claratively, in terms of high-level combinations and condi- 
tions. Given these declarative specifications, MicroScope 
determines what functions and variables to monitor and, 
during the program's execution, whether a given combina- 
tion of events and conditions has in fact occurred. 

A graph of the program's execution history, showing the 
monitored eventSt is displayed automatically as the pro- 
gram is running. In addition, users can specify various 
other actions that should be taken when the specified event 
occurs. They can monitor the value of a variable (or the 
contents of a complex data slructure) as the value changes. 
They can have the program suspended at an event-deter- 
mined breakpoint. They can provide an arbitrary Lisp ex- 
pression to be executed when an event occurs. And, as 
with events, they can specify a group of actions that should 
be performed together. 

Internal Representation and Implen^entation 

When a monitoring request is made, MicroScope trans- 
lates the request into one or more forward chaining (i.e., 
data-driven, condition-action) rules. A rule is a conditional 
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relation between a premise (the conditionj and a conclu- 
siDH* In a forward chaining rule* the conclusion contains 
an action that is performed when the condition represented 
in the premise becomes true. MicroScope's execution 
monitoring rules are currently written in HP-RL, a high- 
le^'el, lisp-based representation and inferencing language 
developed at HP Laboratories.^ 

In general an execution monitoring rule's premise corre- 
sponds to the event(s) specified in a request, and Its conclu- 
sion corresponds to the specified action(s}. Logical combi- 
nations of events and [dTOamic) conditions are represented 
by compound premises. Static conditions, which rely on 
cross-reference information known at request time, are 
evaluated before the rule is formulated, and the results are 
incorporated into the rule explicitly- 

Temporal sequences of events are translated into multi- 
pie rules, one for each event in the sequence. Initially, only 
the rule corresponding to the first event in the sequence 
is active. (Only active rules can be triggered.) The conclu- 
sion of the rule corresponding to the last event in the se- 
quence contains the action{s] to be taken when and if the 
whole sequence occurs. The conclusions of the other rules 
contain an action that will activate the rule corresponding 
to the next event in the sequence. This representation en- 
sures that the actions associated with the sequence will be 
taken only if the events occur in the order specified. 

The Lisp interpreter has built-in hooks that allow one to 
alter the interpreter's behavior when it evaluates a form or 
applies a function. Taking advantage of this capability^ 
MicroScope ensures that when a monitored eveni such as 
a function call or variable reference occurs* an HP-RL frame 
corresponding to the event is created, (A frame is an object- 
like complex data structure.) Information relevant to the 
event, such as a function's arguments or a variable's value, 
is stored on the frame at this time, and the frame is updated 
with additional information, such as a function's return 
value, when it becomes available. 

The collection of event frames serves as a memory -resi- 
dent data base of dynamic information about the program. 
The Execution History browser allows the user to peruse this 
inform a I ion J n addition, the act of record i ng event informa- 
tion on a frame triggers any rule whose premise contains 
a clause that corresponds to that event. If the combination 
of events and conditions in the rule's premise is satisfied 
according to information in the data base, the rule succeeds 
and the actions specified in the conclusion are performed, 
If the conditions are not met. the rule fails and the actions 
are not performed. But the rule may be triggered again by 
another event. In the case of a sequence, of course^ the 
success of one rule may activate another , which may itself 
be triggered at a later time. In the current implementation, 
rules do not trigger other rules directly. 

Why does MicroScope use forward chaining rules to rep- 
resent execution monitoring requests? First of all, the abil- 
ity to specify execution events declaratively frees the user 
from having to worr>^ about how information is retrieved 
and combined, and the internal rule representation is close 
to the user's declarative specification. 

The argument could be made that the user's high-level 
specification should be translated into low-level pro- 
cedural code. One strategy would be to insert a series of 
conditional tests in the Lisp code attached to the interpreter 



hooks. But the modularity of independent rules makes 
them easier to assemble and modif\' than a monolithic piece 
of code. Besides, the matching of events and rules limits 
the number of tests that need to be performed. An alterna- 
tive strategy would be to attach daemons to the event 
frames. But rules make it easier to combine inionnatiDn 
about different events. Multiple daemons associated with 
multiple events would be harder to controL In general, 
procedural code, whether distributed in daemons or cen- 
tralized in a routine attached to the interpreter, needs to 
use speclaliEed procedures to find and combine the neces- 
sary information. A rule-based system, by contrast, can 
employ pattern matching and backtracking to determine 
whether complex combinations (specified declarati\'ely) 
have been satisfied. It is easier to translate a high-level 
specification into rules and let the system do the work of 
finding and combining information automatically,* 

Conclusion 

To maintain a program over a tim&— to make it workable 
under new conditions and in new environments — a pro- 
grammer must have some understanding of the way the 
program works. MicroScope provides tools that help a pro- 
grammer understand the structure and behavior of large, 
complex programs. MicroScope is not a single tool; it is 
an integrated set of tools that share common data and a 
uniform user interface. The combination of a graphical, 
interactive interface » object-based data representation, and 
rule-based reasoning make MicroScope easy to use but 
powerful in its capabilities. Fig, 5 shows a schematic model 
of the platform on which MicroScope rests. 

The current MicroScope prototype has been demonstrated 
within Hewlett-Packard and at artificial intelligence con- 
ferences in the U.S.A. and Europe. These demonstrations 
have generated interest among software developers both 
inside and outside of Hewlett-Packard, in companies that 
are customers of HP and in universities. The static compo- 
nent of this protot>T)e has been distributed to selected test 
sites. 

A discussion of MicroScope's long-term goals appears 
in reference 21. 
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Editor: 

This is in response to Mr. David Martin's article on "Software 
Quality Assurance on the HP Printed Circuit Design System 
Project" in the February 1988 issue. 

W^e feel that Mr. Martin's article and ones like it continue to 
make the job of being a software quality assurance engineer a 
difficult one. It is tough enough dealing with soft ware engineers 
and managers who express the ideas contained in this article, 
but when H is printed under Ihe banner of 'software quality 
assurance" by someone who should know better, it just adds 
fuel to the fire. 



Here are some specific rebuttals to points made in Mr. Mar- 
tin's article. The article constantly referred to the "QA phase/' 
In none of the software development life cycle models that we 
are aware of is there a "QA phase/' QA is not a phase but is 
an activity directly overlaying the entire development and 
maintenance cycles. After software is developed it cannot enter 
into a "QA phase." be magically processed and come out as 
■quality" softw^are. No product (hardware or software) can have 
quality inspected or tested into iL 

Mr. Martin's statement that "Focusing on quality alone has 
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the inhereiit danger of never releasing the product because it 
is not perfecl" is misleading. It mighl be true if an organization 
had unlimited resources* but in the real world this never hap- 
pens. Quality usually takes a back saat to cost and schedule, 
both of which are adversely affected by poor quality. The indus- 
try- as s whole* and management in particular, needs to under- 
stand this relationship if they ever hope to develop cost effec- 
tive, quality- software. 

The QA plan Mr. Martin described seems to focus solely on 
the softv^are testing activities. A QA plan should define the 
software quality activities that are performed through out the 
software development process. Most QA plans detail the activ- 
ities performed by a separate QA organization. A software qual- 
ity organization should proidde an independent technical 
evaluation of ail the software products, along with monitoring 
software engineering's performance of their QA tasks. 

The statement "The confidence in the product's quality is 
in direct proportion to the amount of testing that has been 
performed on the product" is incorrect. Testing a software prod- 
uct provides confidence m the functions and execution of the 
software, not in its quality. Software qualit>' consists of several 
factors, some of which are maintainability, reusability, and 
flexibility e These listed factors cannot as yet be determined hy 
testing methods, but require human evaluation of the software 
and the documentation. 

We do like the software testing activities described in the 
article. Independent testing teams are necessary in order in 
ensure that there is no bias in the software testing activities. 
We would like to have seen a bit more detail in the description 
of the actual test activities performed by the independent test- 
Ifig team. Unfortunately, this was not provided in the article. 

In summary, then, it is our collective impression that the 
title of Mr. Martin's article, and his uses of the term "quality 
assurance" are misleading, A more appropriate title for his 
arlicie should have been "Software Testing and Error Tracking 
on the HP Printed Circuit Design System Project/' The number 
of art ides published each year that specifically address or relate 
to the field of software quality assurance is relatively small. 
Fewer still provide more than a cursory exposition of the sub- 
ject, with little or no discussion of new techniques, methodol- 
ogy, or tools. For this reason then, the information published 
should make the best possible use of the limited opportunities 
for exposure. A point may be made of the limited space avail- 
able for such articles, and thus the necessar>' brevit%'^ of the 
discussion. However, this in no way sustains liie misapplica- 
tion of terms or techniques. The understanding on the part of 
program managers as to the role of the software quality engineer 
can only be further confounded by such misleading information 
as was presented in your February issue. 

The undersigned represent a group of software quality en- 
gineers working in HuntsviUe, Alabama. 



Kevin Preston 

Stem Robinson 

Tony PBtBfs 

Keify Ford 



In response to ihe concerns about my ortjcle, f wotzld tike 
to point out (as was menf ioned in Eloine Regelson's introduc- 
tory' article "Developing a Printsd Circuit Boord Design Sys- 
tern"! that we were in the situation of attempting to meet the 
challenge of quickly fuming code purchosed from on outside 
source into an HP product. The pnrchomd code was oiready 
running, and for us to ochieve the benefits of reuse of the code 
it did not make sense to return to the early stages of the tm- 
ditional softwom life cycle modeL My article addressed the 
lessons learned and the techniqires tried when we applied the 
'textbook" ideal situation models to this reol-worM prohlem. 
I do not disagree with many of the comments as they apply to 
tTDditionai models of software development. Having said that, 
I would like to respond to some specific points, 

I heartily ogree that QA is a set of activities sponning the 
entire software life cycle. The phrase "QA phose" used in the 
article does not imply that all QA activities are confined to 
one phase, and f did mention stich activities in other phases 
in the article. In our environment, ''QA phase '^ refers to the 
stage in our product development cycle where the product 
obout to he released is audited and tested for quality. Fn some 
orgomzations within and outside of HP this phase is called 
the ^'system test phase" or the "functional test phose.'^ 

My statement that "Focusing on guality alone hos the inher- 
ent danger of never releosing the product becouse it is nol 
perfect'* vvos meont to point out the differences between the 
ideal and real worlds. In the ideal world ei-^eryone would pro- 
duce perfect software. Given that this does not happen, the 
challenge is to produce quality software on a timely basis. 
Poor quality certainly hos adverse effects on cost and schedide. 
r do not beliei-'e that my statement is a contradiction of Ihis 
concept. I agree that an independent technical evoluotion pro- 
vided hy a separate QA organization is the preferred mode of 
operation. Unfortunately, such a luxury is often unavailable, 
fn such cases, the software development engineer assumes even 
more responsiblilty. My article dealt with a QA plan that 
specified octivities throughout the life cycle performed by the 
development engineer, the software QA engineer, and others. 

It was asserted that the statement "Tlie confidence in the 
product's quality is in direct proportion to the amount of testing 
that has been performed on the product** is incorrect, I agree 
that a product's quality cannot be determined ^iricily by test 
execution. In MP we evaluate a product's quality based upon 
factors including functionality, usability, reliability, perfor- 
mance, and supportability. To judge product quality based on 
these factors requires both extensive test execution and human 
evaluation. For instance, we use our human factors group to 
evaluate the usability of the product, and regression test suites 
to evaluate reliohillty and performance. Determination of the 
reliability and .supportability aspects of a product is based 
uptm I he evaluation of the defect data collected during testing, 

Hegardless of which terms are employed to describe activities 
relating to QA, what is paramount is the customer. We strive 
at HP to perform activities during all phaf^es of the life cycle 
that will ensure that the customer receives a quality product, 

David Martin 



AUGUST is0a hjewlett-packard journal 03 



)Copr. 1949-1998 Hewlett-Packard Co. 



Red AIGaAs Light-Emitting Diodes 

HP has recently released indicator and display products 
containing a new type of red liglit-emitting diode (LED) 
based on the aluminum gallium arsenide (AIGaAs) materials 
system. These LEDs offer a significant improvement in 
efficiency over the red LEDs that have previously been 
available but cost only slightly more. 

by Frank M. Steranka, Dennis C. DeFevere, Michael D, Camras, Chin-Wang Tu, David K. McElfresh, 
Serge L. Rudaz, Louis W. Cook, and Wayne L, Snyder 



UNTIL RECENTLY, all commercially available visi- 
ble LEDs were homostructures. That is. they con- 
sisted of pn junctions formed in one type of material 
(see Fig, 1). Over the past few years, new types of LEDs 
made of several layers of materials havinj5 different 
bandgaps (heterostructures) have appeared on the market. 
Heteroslructure LEDs have several advantages over the 
standard homostructures, and LEDs made with them offer 
significant improvements in ligiit output efficiency. The 
increase in efficiency is the result of the single-sided injec- 
tion and reduced internal absorption that heterostructures 
can provide. 

In homostructures under forward bias, electrons are in- 
jected into the p-type material and holes are injected into 
the n-type materia L Some fraction of these minority carriers 
then recom bines with the majority carriers on the p and n 
sides of the junction and emits the near-bandgap light 
characteristic of the LED, The radiative efficiency on the 
p and n sides is usually quite different and more light could 
be generated if minority -carrier injection into the less- 
rad ia ti V el y -efficient material could be eliminated. 

One way of achieving this is to have the pn junction 
occur at the interface between two materials of different 
bandgap. One can change the bandgap by changinj^ the 
alloy composition in the AIGaAs system. This is done by 
changing the ratio of aluminum to gallium in the com- 
pound. The energy diagram for such a situation is shown 
in Fig. 2b with the honiojunction case in Fig. 2a for compari- 
son. The discontinuity i^n the valance band adds much 
more to the hole potential barrier than the conduction band 
discontinuity adds to the electron potential barrier. The 
band configuration depicted in Fig. 2b is that of a single 
heterostructure (SH) device, and it effectively eliminates 
hole injection into the wide-gap n-type material under for- 
ward bias and thus provides single-sided injection. The 
second advantage of this structure is that the wude-gap 
material is transparent to the Ught generated on the narrow- 
gap side of the junction. Hence, there is much less reabsorp- 
tion inside the material than in the homostructure case. 

The reab sorption can be further reduced by putting a 
second wide-gap layer on the other side of the narrow-gap 
layer as shown in Fig. 2c. This is called a double hetero- 
structure (DH] device. The second hcterointerface prevents 
the injected electrons from diffusing out of the narrow -gap 



active layer and gives the light that is generated a better 
chance to escape. A problem with making such devices, 
however, is that the wide-gap and narrow-gap materials 
must have nearly the same lattice constant to avoid dis- 
locations at the material interfaces, which severely reduce 
the light-generation efficiency. In the AlGaAs system, the 
lattice constijnt changes very little with alloy conipositioHt 
and this makes it a near-ideal system for making such de- 
vices. It has been used extensively for the last 15 years or 
so to fabricate high-efficiency infared LEDs and low^~ 
threshold lasers. 

The AIGaAs system can also be used to fabricate efficient 
diodes that emit in the red portion of the spectrum* How- 
ever, it is quite difficult to grow the high-aluminum-content 
layers that are required. Liquid phase epitaxy [LPE] is the 
only technology that can provide material quality compar- 
able to that of the infared devices. It has taken many years 
of development to create LPE reactors capable of growing 
liirf^e volumes of high-quality multilayer devices. Many of 
these [J r obi ems have now been solved and devices of this 
type are now available. This paper provides an overview 
of the different types of AIGaAs devices that are available 
and compares their performance to that of the other red 
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Epitaxial Layer 



n-Type GaAs 
Substrate 




Au Contact 

Ftg. 1 . Structure of a P/picat homojunction GaAsP LED. The 
pr} jur)cUon ts formed by a In diffusion into Br) n-type GaAsP 
epilaxtal layer. Ught /s ger^erated on ix>th sides of ttie pr} 
/unction and escapes primarily from the top surface. 
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LED technologies. 

Types of Red AlGaAs LEDs 

There are three versions of coramercially available red 
AlGaAs LEDs and schematics of all three are shown tn Fig. 
3. The device shown in Fig. 3a is an SH LED and consisis 
of at least two layers of AlGaAs on a GaAs substrate. The 
first layer is the active layer made of Al j^Ga ^^^As, The top 
layer is a ''window" layer made of AlGaAs w^ith an Al mole 
fraction greater than ^0.6, The light generated in the active 
layer can escape out the top and sides of the epitaxial 
maleriaL but \irtually all of the light that hits the substrate 
is absorbed there. 

The SH device is the easiest to grow because it has the 
fewest layers and good thickness control is not essential. 
It is also the dimmest type of red AlGaAs chip that is 
available and is only marginally brighter than the best ni- 
trogen-doped GaAsP (GaAsP:N) devices that will be de- 
scribed in the next section. Since it is the simplest to fab- 
ricate ^ it has been commercially available the longest. 

A DH chip is shown in Fig. 3b. It consists of at least 
three AlGaAs layers on a GaiVs substrate. The first layer is 
a wide-gap injecting layer and the second is a ^2-^m- thick 
active layer. Above the active layer is a thick wide-gap 
confining layer. As is the case for the SH device, most of 
the internally generated light in the DH chip depicted in 
Fig. 3b is absorbed by the substrate, so it has been labeled 
DH-AS for double heterostruclure absorbing substrate. 
However, it is still twice as bright as the SH version because 
of reduced absorption in the epitaxial materlaL 

To manufacture this structure requires much greater 
thickness control than is necessar^"^ for the SH device, in 
addition to at least one extra layer of epitaxial material. At 
HP, we have developed a manufacturing technology that 
allows us to reproduce this complicated structure in very 
high volumes. Our chip design incorporates two features 
to improve manufacturability. One is a very simple post- 



epitaxial -growth w^er process that requires no photo- 
lithograph3\ The other feature is an aluminum top contact 
for good bondabOitj'. The HP technology' is capable of pra- 
ducing DH-AS LEDs for only a small increase in cost over 
the prenous-generation SH devices. 

The relative efficiency curves as a function of forward 
current for the SH and DH-AS structures are sho%vn in Fig. 
4 along with the curv^e for GaAsP:N which currently domi- 
nates the high-performance, high- volume market. Only the 
DH-AS AlGaAs chips are significantiy more efficient than 
GaAsP:N. The increase in performance is particularly 
dramatic at forward currents less than 2 mA where the 
DH-AS AlGaAs chips are more than five times as bright. 
Because of this, they are expected to open up many new 
low-current applications for red LEDs. 

The last structure shown in Fig. 3 is that of a DH trans- 
parent substrate (DH-TS) device. It is similar to the DH-AS 
chip in that it consists of at least two wide-bandgap layers 
on either side of a thin active layer. However^ one or both 
of the wide-gap layers will be grown several thousandths 
of an inch thick and the entire GaAs substrate etched away. 
This eliminates the absorption in the substrate and pro- 
duces the highest-efficiency AlGaAs LEDs — more than a 
factor of two brighter than the DH-AS LEDs. Unfortunately, 
growth of the thick AlGaAs layer is technically very dif- 
ficult and quite costly. Thus, the DH-TS version is presently 
only used In special iow-voiume applications. 

Comparison to Other Red LEDs 

To see the advantages that red AlGaAs LEDs provide » 
we will summarize here some of the performance charac- 
teristics of the other types of red LEDs that are available. 
Most of the LEDs now on the market are based on the 
GaAsP alloy system. GaAsP LEDs come in two versions: 
non-nitrogen doped and nitrogen doped. The structure of 
the non-nitrogen doped version (which we label here as 
just GaAsP) is shown in Fig. 1. The first commercially 
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Fig. 2. Typical energy digrams for (a) a pn homojunction where the bandgap Egj is the same 
or} both sides of //le jur^ction, (bj a singie heterojur^ctforj (SH) where the bandgap on the n-type 
side (Eg2) '5 gf^eBter than that on the p-type sfde (Eg^j. and (c) a double heteroiunctson (DiH) 
where a second wide-gap iayer has been added to the SH sn (b). For AtGaAs mater ml in the 
composition range necessary to obtain visible red emission, the discontinwiy in the valance 
band (AEy) far exceeds that m the conduction band (MJ which gives nse to electron-only 
injection in the SiH and DH structures under forward bias. The second wide -gap layer in the 
DH configuration produces a barner that confines the injected electrons tn a thm active layer. 
This reduces much of the interna! absorption and is the reason that a DH LED is the most efficient. 
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Fig. 3. The three types of red AtGaAs LEDs that are commercfatly avaifabie 



available red LEDs were made with this material, and since 
it is inexpensive to manufacture* it still holds a fair share 
of the world market, GaAsP is also the dimmest of the red 
LEDs available. 

An order of magnitude increase in photometric efficiency 
can he obtained by growing GaAsP epitaxial material with 
a slightly larger bandgap on a GaP substrate (which is trans- 
parent to the light generated) and by doping both sides of 
the pn junction with nitrogen. The nitrogen dramatically 
increases the radiative efficiency of this material. LEDs 
made this way are labeled GaAsP :N and now dominate the 
high- volume, high-performance market. Both versions of 
GaAsP LEDs are grown by vapor phase epitaxy ( VPE) which 
is amenable to large-scale production. 

Between GaAsP and GaAsP:N in photometric efficiency 
is ZnO-doped GaP (GaPrZnO) which is grown by a two-step 
LPE process. First, an n-type layer 10 to 20 ^m thick is 
grown on a GaP substrate. Then a p-type ZnO-doped layer 
is grown on top. All of the red light emission from this 
material comes from recombination at the ZnO centers on 
the p side of the junction. Although this material can be 
quite radiometrically efficient [>10% external quantum ef- 
ficiency for an encapsulated chip), the peak emission 
wavelength is at —700 nm where the human eye response 
is fairly weak. A second drawback to this material is that 
the ZnO centers are quickly saturated as the forward current 



through the junction is increased. This causes the overall 
efficiency to fall rapidly at currents greater than a few 
milliam^peres. 

In Fig. 5 we have plotted for comparison the photometric 
efficiency ranges at a forward current of 20 mA for currently 
available lamps made using all of the different red LED 
technologies. They cover almost two orders of magnitude 
in efficiency with GaAsP at the low end and DH-TS AlGaAs 
at the high end. 

A comparison of growth method, speed, peak emission 
wavelength, typical forward voltage at 20 mA, and esti- 
mated chip production is given in Table L AlGaAs LEDs 
have a speed advantage over GaP:ZnO and GaAsP:N LEDs 
and can emit near 655 nm. Because of their efficiency and 
these two characteristics, they are excellent candidates for 
emitters in plastic fiber sy.stems. There is a minimum in 
fiber attenuation at 655 nm, and the shorter fall time in- 
creases the maximum transmission rate, In terms of forward 
voltage, SH and DH AlGaAs lamps operate at significantly 
lower voltages than GaAsP:N and GaP:ZnO lamps. This is 
because of lower substrate and contact resistances, as well 
as a slightly smaller bandgap, and it gives these lamps an 
edge in multilamp applications where power consumption 
is an important consideration. 
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Fig* 4* Photometnc efficiency in lumensiampere versus for- 
ward currer)! for typicaf SH and Di^-AS AtGaAs LED tanjps. 
Also shown for comparison is the curve for a typical GaAsP:N 
larrup. GaAsP:N now dominates the high-performance, high- 
volume market. 
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Fig. 5, Photometnc efficiency ranges forpSastic famps made 
with the different red LED chips at a forward current of 20 m A. 
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Table I 
Companson of Red LED Technologies 
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The last columD in Table I shows an estimate of the 
breakdown of total red LED chip production by technology. 
At the present time, AlGaAs LEDs hold a ven' small part 
of the overall market even though they have been available 
for several years. This is primarily because of the expense 
of the DH-TS version and the fact that the SH devices are 
only marginally brighter than GaAsPiN LEDs, 

An interesting difference between AlGaAs and the other 
red LED materials is in its degradation performance. The 
degradation characteristics of GaAsP, GaAsP:N. and 
GaF:ZnO diodes are generally quite good. The photometric 
efficiency of these diodes decreases slowly as they are op- 
erated, falling typically by ^15% after 1000 hours at the 
maximum drive current. Well-made AlGaAs LEDs, on the 
other hand, actually increase in photometric efficiency as 
they are used. Data from accelerated aging studies of HP's 
DH-AS AlGaAs LEDs is presented ld Fig. 6. showing that 
after stre.ss, the average LED increases in efficiency by al- 
most 10%. Such performance, however, requires excellent 
nnderstanding and control of the fabrication process. Some 
AlGaAs products on the market have exhibited severe deg- 
radation. The increase in efficiency appears to be related 
to the nmvement of /Am: in the device during operation, 
since LEDs grown with magnesium instead of zinc as a 
p-type dopant do not exhibit this liehavior. 
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Fig. 6. Histogram of the percent change m photometric effi- 

ciency for 215 HP DH-AS AlGaAs lamps subjected to WOO 
iiouf$ of 30-mA da. 55''C stress. 



LED Ratings 



Most LEDs are rated in terms of ttieif on-axis intensity at a 
given drive current The unit of measure tor this parameter js The 
milficandeita {mod) This numbef. however can be misleading 
when conipahng different lajnps because rt is package depen- 
denL There is a Irad&off between on-axis intensity and radiation 
patiem; lamps made using chips that have the same effictency 
c-an have dramaticalJy drfferent axial inienstty (mcd) ratings de- 
pending upon the viewing angle. For example, a piasiic lamp 
made using a typical HP DH-AS chip can have any of the mcd/ 
viewing angle combinations listed in the table. For a given appli- 
cation, care must be taken to choose a lamp that has Isoth the 
on-axis intensity and the viewing angle reouired 

On^Axis Intensity vs. Viewing Angle 
HP DH-AS LEO 
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HP DH-AS AlGaAs Products 

HP has introduced lamps, seven segment displays, and 
light bars containing DH-AS AlGaAs chips. The part num- 
bers and product descriptions are: 

■ High-Brightness Lamps 

HLMP-K105 T^l. Undiffused. Untinted 

HLiVlP-KlOl T-1, Diffused, Tinted 

HLMP-D105 T-iy4, Undiffused, LJntinted 

HLMP-DlOl T^l¥4, Difhised, Tinted 

HLMP-QlOl Subminiature, Diffused t Tinted 
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Fig. 7. Typical performar}ce-to-cost ratio in mcd per unit cost 
versus relative lamp cost for ali of the red LED technologies. 
Lamps With a viewing ang/e of 24 degrees measured at 20 
n}A were used to generate the mcd vaiues. 
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Low-Current (1 mA) Lamps 

HLMP-Kl 55 T-1 , Undiffused, Untinted 
T-l,Diffosed,'Tinted 
T'1^4, Undiffysed, Untinted 
T-1 ¥4. Diffused, Tinted 
Subminiature, Diffused, Tinted 

Very High-lnlensity Lamps (750. 1000 rncd] 

HLMP-4100 T-1 ¥4, Undiffused, Untinted, 750 mcd 
HLMP*41 1 T-1 V4. Undiffused, Untinted, 1000 mcd 

Higti-Brightness Seven -Segment Displays 
(Sunlight Viewable) 

HDSP-A15X 0.3 in. Mini 
0.43 in. 
0,56 m, 
0,8 in, 

■ Low-Current (1 m A/segment) Seven -Segment Displays 

HDSP-AIOX 0.3 in. Mini 

HDSP-ElOX 0.43 in. 

HDSP-HIOX 0.56 m, 

HDSP-NIOX 0.8 in. 

■ Low-Current Light Bars (3 mA) and Bar Graph Arrays 

(1 niA) 

HLCP-Al 00 Eight Light Bars of Different Sixes 

toHlOO 
HLCP-} 1 00 Ten-Element Bar Graph Array 

Conclusions 

In this paper, we have described the three types of red 
AlGaAs LEDs based on the AlGaAs material system that 



HLMP-Kl 50 
HLMP-D155 
HLMP-D150 
HLMP-Q150 



HDSP-E15X 
HDSP-H15X 
HDSP-N15X 



are now commercially available. We compared their perfor- 
mance relative to each other and to that of the competing 
red LED material systems. The DH-AS and DH-TS versions 
of AlGaAs LEDs are significantly brighter than the GaAsP:N 
LEDs that now dominate the high -volume, high-perfor- 
mance market. 

The cost- performance characteristics of the different red 
LED technologies are summarized in Fig, 7. The DH-AS 
version of AlGaAs LEDs is comparable in cost with many 
GaAsP:N devices and has the highest performance-to-cost 
ratio of any red LED, Because of this, it is expected to 
become the dominant technology for many high-perfor- 
mance appiications. SH AlGaAs and GbAijPiN will share 
the midrange^ with GaP;ZnO and GaAsP sharing the low 
end. DH-TS AlGaAs is the highest-performance mater laL 
but until production technologies can be improved, It will 
be restricted to specialty applications by cost considerations. 

In the near future, we can expect to see new types of 
"power-signaling" products that will use the efficient 
DH-AS AlGaAs chips for applications that were previously 
unthinkable for LEDs. These include automotive tail lights, 
airport marker beacons, stop lights, and other applications 
that require an intense source of red light. 
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